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ABSTRACT 
The fennentation kinetics of Propionibacterium thoenii strain P20 were studied with 
calcium alginate bead-immobilized cells without mass transfer limitations. The fermentation 
was foimd to be significantly affected by the end-product, propionic acid, in the medium. 
High levels of the acid not only inhibited cell growth, but also changed cell metabolism to 
produce more byproducts such as acetic, succinic and lactic acids. As a result, substrate 
consumption rate and propionic acid productivity and yield also decreased. 
Coupling liquid-liquid extraction of the acid with the fermentation, that is, extractive 
fermentation, alleviated the inhibitory effects. Solvent selection, based on partitioning and 
toxicity, was carried out among three solvent systems: Alamine 304-1 in 2-octanol, 1-
dodecanol, and Witcohol® 85 NF (oleyl alcohol). For each system, the acid loading per 
amine molecule decreased with increasing amine concentration; hence, an optimal amine 
concentration existed. The solvent toxicity to five strains of propionibacteria was 
determined. Strain P20 was the most solvent-resistant strain and Alamine 304-1 in Witcohol 
85 NF was the only nontoxic solvent. Addition of vegetable oils to scavenge the toxic 
diluents was £dso able to reduce toxicity. 
Extractive fermentation was carried out with 40% (w/v) bead load of immobilized 
P20 cells and a hollow-fiber membrane extractor. By maintaining the propionic acid 
concentration at about 13 g/L, the yields of propionic and acetic acids were more than 
doubled compared to those of the nonextractive process. Higher acid productivities, an 80% 
ix 
reduction of base consumption for pH control, and solvent selectivity of propionic over acetic 
acid were also achieved. 
Vacuum distillation produced pxirified acids as the overheads and recyclable solvent 
as the bottoms. No solvent degradation occurred under the distillation conditions. 
Based on the experimental findings, economic evaluations of the extractive 
fermentation process on a 50,000-ton annual production scale were conducted. The process 
was modified to use whole-cell extraction with a mixer-setder extractor. This process 
suggested that economic feasibility could only be realized with favorable assumptions such 
as long-term bead usage, byproduct revenue, and inexpensive substrate. 
1 
INTRODUCTION 
Dissertation Organization 
This dissertation is organized into five parts: the introduction, the three papers 
submitted to technical journals, and the general conclusions. The manuscripts of the three 
papers were prepared by the candidate according to the style guides of the journals. The 
candidate carried out all the work except for the experiments on nonextractive fed-batch 
fermentation with immobilized cells. Those were conducted by David A. Rickert, an M. S. 
graduate from the Department of Food Science and Human Nutrition of Iowa State 
University, and are described in the paper co-authored by Mr. Rickert. An appendix for the 
third paper is added after the general conclusions, followed by the list of literature cited by 
the introduction section. 
Literature Review 
Propionic acid fermentation 
Although synthesis of propionic acid by industrial fermentation has been studied 
since 1923*, production of the acid by fermentation is still not favorable in commercial scale. 
The drawback results from bacterial metabolism and fermentation kinetics: 
Propionibacterium species grow slowly ; the end-product is inhibitory to bacterial growth , 
the highest reported acid concentration reached is about 7% (w/w)'*; byproducts include other 
acids such as acetic and succinic acids^'^. Downstream processing of such an impure and 
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dilute aqueous solution is difficult. Therefore, the fermentation has to be improved for better 
end-product tolerance, higher productivity, and less byproduct formation. 
For better end-product tolerance, studies on bacterial metabolism and strain 
optimization have been carried out on many microorganisms. The metabolism of 
propionibacteria was thoroughly reviewed by Hettinga and Reinbold^''. Babuchowski and 
others^ selected the best propionic acid producer among 90 strains of Propionibacterium. A 
mutant was also developed with enhanced propionic acid tolerance'. However, the end-
product inhibition to cell growth could not be eliminated completely. 
For higher productivity, various fermentation schemes have been attempted'*''""''*. 
The key to high productivity was maintaining high cell density in the fermenter, which can 
be achieved by cell recycling and immobilization. In cell recycling processes, ultrafiltration 
has been used to retain cells in the fermenter'"'". Membrane fouling and high biomass 
viscosity limited this process. Cells have been immobilized in matrices such as calcium 
alginate beads'*"'^ and spirally wound fibers'^'*'* to achieve high density. Long-term stability 
of the mechanical structure of the matrix is required. 
The effects of fermentation conditions such as substrate, pK, and temperature on the 
composition of byproducts in the fermentation media have been examined'^*'®. With sucrose, 
vitamin B,2 was generated as byproduct'^; with glucose and lactose, but not with lactate, a 
small amount of succinic acid was formed'®; acetic acid was co-produced with most 
substrates". Propionibacteria are also able to utilize several industrial waste streams as 
fermentation substrate. These include com-steep liquor"''^, whey^""^, and sulfite-waste 
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liquor . All would improve the economics of the fermentation. Although the optimal pH 
for the fermentation is between 6.0 and 7.0, acidic pH was tolerated by several strains of 
propionibacteria'*''^. Lower pH increases propionic acid yield and decreases succinic acid 
yield while acetic acid yield remains stable'^"'^; however, lower pH also decreases the 
propionic acid productivity'^. Further, the propionic to acetic acid ratio decreases with 
increasing temperature'^. 
Acid recovery from fermentation 
Improvements in the upstream process do not solve the recovery problems. An 
efficient downstream process should serve the following purposes^'*: product concentration; 
product conversion into its final form; separation of impurities fi-om the product; and product 
purification. 
Lactic acid, one of the most extensively studied carboxylic acids, offers an illustration 
of methods that might well apply to the fermentation of other carboxylic acids. Precipitation, 
crystallization, distillation, filtration, electrodialysis, ion exchange, adsorption, and liquid-
•yc 'i'y 
liquid extraction have all been tried for lactic acid recovery " . 
Lactic acid was separated from fermentation broth as a calcium lactate precipitate by 
the addition of lime^^. The subsequent acidification to yield lactic acid generates calcium 
sulfate (gypsum), which requires disposal. A higher grade lactic acid can be obtained via 
calcium lactate crystallization^^ but the disposal problem remains. Solubilities of the salts of 
propionic and acetic acids are much higher than those of lactic acid. Therefore, precipitation 
and crystallization would not be as efficient for these acids. 
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The low volatility of lactic acid prevents its direct separation from the fermentation 
medium by distillation. However, its ester (e. g. methyl lactate) is sufiBciently volatile; 
hydrolysis can regenerate the lactic acid^^. The self-esterification of the acid and interference 
from other broth components are potential problems. Although the volatilities of propionic 
and acetic acids are higher than that of the lactic acid, they are still not high enough to 
separate the acids from water in the medium. Therefore, direct distillation is also not feasible 
for the recovery of propionic and acetic acids. On the other hand, based on the chemical 
stability of the acids at enhanced temperature, distillation can still be considered as a choice 
for acid recovery when coupled with other approaches such as esteriflcation or solvent 
extraction. 
Electrodialysis requires removal of cells and proteins to prevent membrane fouling in 
long-term operation. The process might not be suitable for acid recovery because of the high 
electrical energy consimiption. For conmiodity chemicals such as propionic and acetic acids, 
electrodialysis will be even less favorable because of membrane cost. 
Anion-exchange resin was used for lactic acid removal during extractive 
fermentation^'"^^*^^. Alleviation of the end-product inhibition resulted in better fermentation 
productivity. However, the resin had to be regenerated with an excessive amoimt of base^"*. 
The exchange rate and efficiency were reduced by the competing ionic species in the 
medium^^. 
An efficient regeneration process is critical not only for ion exchange, but also for 
adsorption and extraction. Different types of amine were tested in both adsorption and 
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extraction processes by Tung^^. Although successful acid recovery was achieved, the 
regeneration process seemed to be problematic. An aqueous amine was used to back-extract 
the lactic acid, but the subsequent separation of the two was troubled by lactic acid 
polymerization with thermal cracking. For the more volatile propionic and acetic acids, it is 
possible to separate the acids from nonvolatile solvents by direct distillation without the 
back-extraction of aqueous amine. The possibility of extraction with an aqueous two-phase 
system instead of organic solvent was also examined^^; it only worked over a limited 
concentration range of lactic acid because of the interference of charged species in the 
fermentation broth. 
An emulsion liquid membrane system was developed to selectively extract lactic 
acid^^. However, the final product could only be recovered as the lactate salt. The membrane 
T O  
was unstable as the organic phase swelled in long-term operation . The effective diffusion 
coefBcient for membrane transport was lower than desirable for a supported liquid membrane 
with Alamine® 336 carrier^'. Supported liquid membrane has also been used with propionic 
and acetic acids and its use is described later. 
Among all the unit operations mentioned, liquid-liquid extraction seems to be an 
effective way to recover carboxylic acid from aqueous solutions. Compared to the others, it 
has the advantages of being selective, inexpensive, easy to handle (liquid only) and energy-
efBcient (operating at near-ambient temperature). Thorough reviews on solvent properties, 
extraction chemistry, acid regeneration and solvent toxicity are simunarized next. 
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Liquid-liquid extraction with amine 
The solvent system 
A suitable solvent for carboxylic acid recovery should have the following 
characteristics: immiscibility with water; high partition coefficient (Kj, the concentration of 
the acid to be extracted in the organic phase/the concentration of the acid in the aqueous 
phase at equilibrium); low cost; biocompatibility; and regenerability. 
There are three types of organic solvents that have been reported'*': conventional 
oxygen-bearing and hydrocarbon extractants; phosphorus-bonded oxygen-bearing 
extractants; and high-molecular-weight aliphatic amines. The representatives of the first type 
are alcohols, ketones, ethers, and aliphatic hydrocarbons, but the Kj values of these are too 
low for the extraction of dilute carboxylic acid solutions'*'. Meanwhile, the extraction of 
acids with organophosphates such as trioctylphosphine oxide (TOPO) or aliphatic amines 
usually give high Kj. Among these two types, amines usually offer advantages over TOPO 
with lower cost and generally higher 
Aliphatic amines can be divided into four categories according to the number of alkyl 
chains on the nitrogen: primary, RNH2; secondary, R2NH; tertiary, R3N; and quaternary 
amines, R4N^A'. The chemical structure differences affect extraction'*^. Extraction v(dth 
primary amines is characterized by a large mutual solubility of the aqueous and organic 
phases. Secondary amines have the highest reported Kj. A value over 100 was obtained with 
Adogen 283-D in 2-heptanone, more than two orders of magnitude higher than K<j values 
for conventional solvents^^. However, this type of amine tends to form amides in the 
downstream regeneration by distillation. Quaternary amines extract propionic acid at both 
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acidic and basic pH via an anion exchange mechanism , but are difficult to regenerate by 
back-extraction with caustic. Consequently, tertiary amines emerge to be the most attractive 
for extractive fermentation. However, Kertes and King found that aliphatic tertiary amines 
with less than six carbon atoms per chain and tertiary aromatic amines are poor extractants'*'. 
The amines have usually been dissolved in a diluent'*', which may increase K<j. The 
best diluents are polar, insoluble in aqueous solution, and capable of dissolving the amine 
extractant. These characteristics can be understood in terms of the extraction chemistry. 
Extraction chemistry 
Most carboxylic acids are weak acids. They partially dissociate in aqueous solution 
according to the following chemical expression: 
HAoH^ + A* (1)  
Witt K (2) 
"* [HA] 
The capacity of amines to act as extractants is related to their basicity, that is, to the 
fact that their nitrogen atom has a mobile lone electron pair, capable of forming coordinate 
bonds with carboxylate ions. However, only the undissociated form of the acid can be 
extracted from the aqueous solution if a tertiary amine extractant is used. The strong 
interaction between the amine extractant and the acid can be illustrated by the reaction: 
RjNo^ + HAeq^RaNHXrg (3) 
[R,NH-A-]„ 
^=[R3N]„[HA]„ W 
An ionic acid-amine complex RjNH^A'o^ is the product of the reaction between the 
Lewis base, RsNo^g, and the acid HAaq. The extractability is measured by the extent of ion 
pair association between the alkylammonium cation and the acid anion, which is in turn 
dependent on the basicity of the amine. The stronger the basicity, the higher the acid 
uptake^^. Two parameters affect the basicity of an amine extractant^^ '*^. The first is the 
structure of the amine itself. For straight-chain amines, because of the inductive effect of the 
substitution of H on the N atom by an aliphatic chain, basicity will increase, following the 
sequence of tertiary > secondary > primary. For aromatic amines, the substitution of the H 
atom by the aromatic group will result in a group of more weakly basic amines, with their 
basicity in the order of primary > secondary > tertiary. The nature of the diluent is also very 
important in this relation. The reason why most extractant systems have a component that 
serves as a diluent of the amine extractant results from chemical interaction (3). We can see 
that once the undissociated acid is extracted to an amine-containing organic phase, it is no 
longer an acid but an ammonium salt. A polar diluent will increase the extracting power of 
nonpolar amines by providing additional solvating power that allows higher levels of polar 
acid-amine complexes to stay in the organic phase"* ^  On the contrary, if the diluent is a poor 
solvating medium for the species formed, the polar complexes tend to cluster together, away 
from the low-polarity bulk solvent. In extreme cases, this may result in the formation of a 
A") 
third phase, a coacervate, or a precipitate . These are all unfavorable for the recovery of the 
acids. 
The Kj of an organic acid can be defined by the following equation: 
„ [HA]^-f[R3NH-A-]^ 
[HA],, +[A-]3, ^ ^ 
where the concentration of undissociated acid in organic phase [HA]org is negligible since 
solubility in the diluent alone is relatively low. 
An important phenomenon is that the capacity of the organic phase for taking up acid 
is in excess of that necessary for the stoichiometric neutralization of the amine base''^. This is 
the case for some of the monocarboxylic acids but not for dicarboxylic acids. It can be 
interpreted by the following mass action equation: 
RsNHAo^ + nHA^q o {R3NHA(HA)„}org (6) 
[R,NHA(HA).]„ 
[R,NHA)„[HA.,]' ' ' 
Extra acid molecules can be added onto the ammonium salt with the formation of 
hydrogen bonds^°. The extent to which the organic phase (amine + diluent) can be loaded 
with acid is expressed as the loading ratio Z (the ratio between total acid in the organic phase 
and all the amine available in the organic phase): 
Cha 
Z = (8) 
'^RsNorg 
The interaction between the first acid and the amine is different fi-om the interaction 
between the second acid and the first complex"*^. The first interaction involves an ion pair or 
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hydrogen bond between the two parts, while addition of the second acid is by hydrogen bond 
formation with the carboxylate of the first acid. The loading ratio is affected by the chemical 
structure and aqueous concentration of the acid, the polarity of the diluent, and the amine 
concentration. 
Factors affecting amine extraction 
The performance of extraction with an amine extractant can be affected by several 
factors. They can be summarized as follows. 
Effect of pH 
The Kd of acid extraction is greatly affected by the solution pH^®, going from very 
low values above pH 7.0 where the acid is fiilly dissociated and then increasing with 
decreasing pH while leveling out at pH ~ 4.0. However, as mentioned before, the best pH for 
cell growth is between 6.0 and 7.0; hence, higher pH favors the fermentation, whereas lower 
pH favors the extraction. For extractive fermentation, the pH should facilitate both steps. 
This problem can be resolved by using a strongly basic extractant, which maintains 
substantial extraction capacity at moderately high values of pH^^. The stronger the 
extractant, the higher the pH value at which acid uptake begins to drop. The major advantage 
of this technique is to recover the product near fermentation pH (> pKa). Therefore, little pH 
adjustment is necessary. 
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Effect of identity of acid 
Different acids have different extractability with amine extractant. Weak acids are 
more difficult to extract than strong acids^°. However, the hydrophobicity of the acid also 
plays a role. The longer the chain length, the more hydrophobic the acid, and the more easily 
it can be extracted. For example, the acid extractability with extractant Alamine 336 can be 
ranked in the following order: butyric acid > propionic acid > lactic acid > acetic acid'*®. This 
indicates that propionic acid can be selectively extracted from its mixture with acetic acid by 
amines. 
Effect of amine concentration 
As the amine concentration mcreases, higher Kj is expected, because more amines are 
available to complex with the acids. However, beyond a certain amine concentration, K<j 
decreases with increasing amine concentration. The explanation for this behavior was stated 
by Ricker and others'*^. They concluded that as the nonpolar amine concentration increased, 
the organic phase became more and more nonpolar; therefore, the formation of polar amine-
acid complex would be inhibited in such a nonpolar medium. 
Effggt of tgmpgratwg 
Carboxylic acid extraction by amine-based extractant is strongly dependent on 
temperature^'. The Kj decreases with increasing temperature, which indicates that the 
addition of an acid to an amine is exothermic. This is expected because the addition of the 
acid to the amine is actually a complexation reaction in the organic phase involving proton 
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transfer or hydrogen-bond fonnation"*^. Also, the formation of the complex makes the system 
more ordered and thus decreases the entropy. The relation can be expressed as the following 
equation: 
AH AS lnK,=-- . -  (9)  
This indicates that when the temperature increases, the amount of acid extracted decreases. 
Acid regeneration 
Various back-extraction procedures have been studied. For lactic acid, two 
approaches to regenerate the acid from the Alamine 336 in oleyl alcohol (diluent) solvent 
system were examined by Yabannavar and Wang for an extraction process with Alamine 
336 in oleyl alcohol (diluent) solvent system. Concentrated lactate salt can be obtained by 
back-extraction with NaOH. However, the other approach, back-extraction with HCl, is not 
very promising because of the excess HCl required and the difficulty of removing the 
residual HCl from aqueous phase. 
A simplest way to liberate carboxylic acid directly from the extractant is by 
distillation. When the extractant is much more volatile than the acid, the acid can be 
recovered in the residue^^. On the other hand, if the acid is more volatile than the extractant, 
it can be released as the overhead. This has been successfiilly used in the recovery of acetic 
acid from solvent^^. 
By another strategy, a water-soluble, volatile, tertiary amine ~ trimethylamine — was 
used to back-extract the acids^'*. The resulting trimethylammonium carboxylate solution was 
then distilled to yield the acids in the residue since the volatility of trimethylamine was 
greater than that of the acid. In some cases, the temperature dependence of Ks allows back-
extraction of the acid at an elevated temperature from the solvent into a fresh aqueous phase 
without overall dilution of the acid^^. Baniel and others reported that the organic extract of 
lactic acid could be stripped with an aqueous solution at a temperature higher by at least 
20°C than that of the extraction stage®®. This technique can also be applied to recover citric 
acid from amine-containing organic extract®^. 
The goal of back-extraction is not only to recover the acid from organic extract with a 
recovery rate as high as possible, but also to recycle the solvent to the extraction stage. 
Additionally, the lowest energy input, the desired final product form (salt or acid) and the 
easiest waste disposal are factors considered 
Solvent toxicity 
The incorporation of liquid-liquid extraction into the fermentation process can solve 
not only the problem of end-product inhibition, but also that of the downstream recovery of 
the acid. However, because of the biological nature of the fermentation process, such 
extractive fermentation limits the choice of solvent to those biologically compatible with the 
microorganism. Yabannavar and Wang tested the intermittent extraction of lactic acid with 
15% Alamine 336 in oleyl alcohol system®'. About 18% more acid was produced in the 
extractive fermentation, but the solvent was found to be inhibitory to bacterial growth. 
The presence of an organic solvent can give rise to a series of physical, microbial, and 
biochemical effects on the catalytic activity of the microorganism. The solvent, on entering 
the cells, may combine with cellular constituents such as enzymes and thus interfere with 
metabolism. The surface-active nature of some solvents may disrupt the permeability 
properties of the bacterial membrane system. This may cause leakage of metabolites or 
hindrance of the transport system^'. The toxic solvent reaches the cells from two pools: the 
water-soluble portion and the immiscible portion^. These two exposure routes can be 
minimized by several measures. 
1. Toxicity can be avoided when the solvent is first selected. Laane and others proposed 
a practical method for selecting biocompatible solvents^'. They suggested using the 
logarithm of the partition coefficient, log P, of a given compound in the standard 
octanol-water two-phase system as a parameter for the choice of solvent. Cells are 
minimally inactivated by solvents with a log P > 4, which leads to a very low water-
soluble pool. This is usually the case for low-polarity solvents with a high molecular 
weight. 
2. Immobilization of the cells, which reduces their direct contact with the immiscible 
solvent phase, can significantly protect the cells from a toxic solvent^'. Similarly, we 
can expect that if the extraction process is carried out in a supported liquid membrane 
extraction imit, where direct contact of the cells with the immiscible solvent phase is 
restricted, solvent toxicity should be reduced . 
3. Certain chemicals can be used as scavengers to reduce the water-soluble pool. For 
example, soybean oil with an affinity for solvent molecules can be coimmobilized in 
a cell-immobilization matrix to entrap these molecules and thus reduce their diffusion 
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rate to the cells. This method was successfully applied in an extractive fermentation 
using a powerful, but toxic, extractant^'. 
4. Appropriate pretreatment of solvents before their use can also help to reduce toxicity. 
It is known that the commercially available solvents usually contain impurities. For 
example, Alamine 336 is not a pure tertiary amine. It also contains impurities: 1% 
secondary amine, 0.2% primary amine and 0.2% water^^. Yabannavar and Wang^' 
suspected that it was these impurities that caused the toxic effect. Reduction of the 
impurity content before extraction may minimize toxicity. Without prior removal of 
water-soluble impurities from Alamine 336, the extractant was toxic to 
propionibacteria^^. When the impurities were removed from the same fresh extractant 
by contacting with water, the solvent toxicity became tolerable^. 
Accommodation always has to be made between the extracting power and the toxicity 
of the solvent. If the strategies above do not work for the solvent selected, other solvents 
have to be chosen even if the extracting power will be sacrificed. 
Proper process design can also offset the effect of toxic solvent. A 40% Alamine 336 
in oleyl alcohol system was tested by Ye and others in their extractive fermentation process^^. 
A membrane filter was used to prevent the cells from contacting the solvent. The solvent 
toxicity was reported to be insignificant. In a very similar process, solvent toxicity for cell 
growth was fiirther reduced by adding a back-extraction step after the solvent extraction to 
remove the dissolved amine from the medium®^. It is evident that solvent toxicity can have a 
significant impact on developing an extractive fermentation process. 
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Propionic acid downstream processes 
Several downstream processes for propionic acid recovery have been developed. 
Electrodialysis has been studied as one of the possible means®^. However, high energy input 
makes the process economically unfavorable. The final acid concentration is also restricted 
by the co-transport of water during the process . 
In a fermentation with Propionibacterium freudenreichii, propionic acid was 
adsorbed firom the medium with an active charcoal-packed column^'. Because of the low 
medium acid level maintained, high biomass production was achieved. However, the pH had 
to be reduced firom 6.5 to 3 to accommodate the adsorption process. The accumulation of salt 
byproduct in the medium would increase the burden of waste treatment. 
Liquid-liquid extraction has always been an option for propionic acid recovery. 
O'Brien and Senske investigated emulsion liquid membrane extraction of propionic acid 
from a fermentation broth with by-product acetic, lactic and acrylic acids'". A fermentation 
pH lower than 5.5 was required for such an extraction to fimction efficiently. 
Concurrent removal of propionic acid from the medium can be realized in an 
extractive fermentation process. Solichien and others^^ developed a TOPO/kerosene solvent 
system to extract propionic acid in a hollow-fiber membrane module. A TOPO/w-decane 
71 
solvent system was used by Ozadali and others in a flat-sheet supported liquid membrane 
system. Because of the insufficient mass transfer rate of the membrane systems and the low 
Kj of the solvents used, no significant improvement from the nonextractive process was 
63 71 
observed ' . Lewis and Yang extracted propionic acid with Alamine 336 in 2-octanol as the 
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solvent in their extractive fermentation^. Although the solvent was found slightly toxic to 
the propionibacteria, 100% increase in productivity was achieved. 
For the regeneration of propionic acid from solvent extract, back-extraction with 
caustic is the only approach studied so far®^. This method yields propionate salt instead of 
the acid as the product. 
In conclusion, liquid-liquid extraction is feasible for propionic acid recovery. It not 
only facilitates the downstream processing of the acid, but also reduces the end-product 
inhibition of the fermentation. Therefore, in a unified process with fermentation, 
performance of both fermentation and downstream processing can be improved. On the other 
hand, research for solvent with higher IQ and lower toxicity is desirable. Study on propionic 
acid regeneration after the extraction is also a critical aspect in developing such an extractive 
fermentation process. 
Oior research has been focused on the following main objectives: 
1. Conduct a kinetic study for better understanding of the effects of propionic acid on 
fermentation performance; 
2. Develop a sviitable organic solvent system to effectively recover propionic acid from 
its fermentation medium by liquid-liquid extraction; 
3. Couple liquid-liquid extraction with fermentation in an extractive fermentation 
process to improve the performance of the fermentation; 
4. Explore new methods for the regeneration of propionic acid from solvent; 
5. Evaluate the economic feasibility of the extractive fermentation process. 
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PROPIONIC ACID PRODUCTION BY EXTRACTIVE 
FERMENTATION: PARTI. SOLVENT CONSIDERATIONS 
A paper submitted to Biotechnology & Bioengineering 
Zhong Gu, Bonita A. Glatz and Charles E. Giatz 
Summary 
Solvent selection for extractive fermentation for propionic acid was conducted among 
(R) 
three systems: Alamine 304-1 (trilaurylamine) in each of 2-octanol, 1-dodecanol and 
Witcohol® 85 NF (oleyl alcohol). Among them, the solvent containing 2-octanol exhibited 
the highest partition coefficient in acid extraction, but was also toxic to propionibacteria. The 
most solvent-resistant strain among five strains of the microorganism was selected. Solvent 
toxicity was eliminated via two strategies: entrapment of dissolved toxic solvent in the 
culture growth mediirai with vegetable oils such as com, olive or soybean oils; or 
replacement of the toxic 2-octanol with nontoxic Witcohol 85 NF. The complete recovery of 
acids from the Alamine 304-1/Witcohol 85 NF was also realized with vacuum distillation. 
Keywords 
Propionic acid, extractive fermentation, solvent, partition, acid recovery. 
Introduction 
Extractive fermentation has been applied in the production of a variety of carboxylic 
acids, including propionic acid, as a means of overcoming end-product inhibition (Evans and 
Wang, 1990; Hatzinikolaou and Wang, 1992; HoUmann et al., 1995; Honda et al., 1995; 
Lewis and Yang, 1992; Ozadali and Glatz, 1996; Solichien et al., 1995; Yabannavar and 
Wang, 1991b; Ye et al., 1996). Choice of the solvent is based on the partition coefBcient 
(Kd) for the acid, toxic effects on the microorganism, and ability to remove the acid from the 
solvent. 
To obtain reasonable K<i for propionic acid, the phosphorus-bonded oxygen-bearing 
solvents and the long-chain aliphatic amines, combined with diluents, have been used as 
solvents (Yang et al., 1991). The amines have been favored because of lower cost and 
generally higher (Ricker et al., 1980). Among different amines, extraction with primary 
amines is characterized by a large mutual solubility of the aqueous and organic phases 
(Ricker et al., 1979); secondary amines have the highest reported IQ but tend to form amides 
in the downstream regeneration by distillation (Ricker et al., 1979); quaternary amines extract 
propionic acid at both acidic and basic pH via an anion exchange mechanism (Yang, et al., 
1991), but are difficult to regenerate by back-extraction with caustic. Consequently, tertiary 
amines are the most attractive for extractive fermentation on the basis of low aqueous 
solubility and intermediate basicity, the latter providing for reasonable extracting power 
along with the possibility of stripping. The mechanism of acid extraction by tertiary amines 
combines ion-pair formation, H-bonding with the amine, and simple solvation (Eyal and 
Canari, 1995; Tamada et al., 1990; Tamada and King, 1990a). The ionic complex between 
free acid and amine can be stabilized in the presence of polar diluents. For the extraction of 
most carboxylic acids, no single mechanism is dominant (Eyal and Canari, 1995). 
Most organic solvents are toxic to microorganisms to some extent. The presence of 
an organic solvent can damage the cell membrane, causing membrane rupture and metabolite 
leakage. Osborne et al. (1990) found for various solvent-microorganism combinations that a 
critical solvent concentration in the cell membrane was reached, above which the cell 
membrane fluidity increased and cellular activity declined. Rapid loss of cellular catalytic 
activity can also result from the high surface tension of the solvent (Yabarmavar and Wang, 
1987). Solvent interacts with the cell by two routes: dissolution in the aqueous broth and 
direct contact of the cell with the water-immiscible solvent phase. The former is described 
by some as "molecular" toxicity, and the latter as "phase" toxicity (Bassetti and Tramper, 
1994). Molecular toxicity usually causes less damage to the cell than does phase toxicity 
because the former is limited by solvent solubility in the aqueous phase. 
Solvent-cell compatibility can be predicted by empirical methods. Laane et al. (1985) 
established a correlation between solvent toxicity and the log P value of the solvent. Log P is 
the logarithm of the Kj of the solvent in a standard octanol-water two-phase system and 
serves as an inverse quantitative measure of the polarity of a solvent. Increased toxicity is 
associated with increased polarity of the organic solvent (Barton and Daugulis, 1992; Bruce 
and Daugulis, 1991). Onset for toxicity was reported to be in the log P range of 4 to 6; 
solvents with log P values less than 4 were most likely to be toxic to microorganisms. For 
those solvents with log P values between 4 and 6, toxicity depended on the microorganism. 
Values of log P can be determined experimentally or by calculation from hydrophobic 
fragmental constants for pure solvents or solvent mixtures (Laane et al., 1987). Blending of a 
toxic solvent (log P < 4) with a nontoxic one (log P > 6) may yield a biocompatible mixture 
(Yabannavar and Wang, 1991a). 
There are two ways to reduce solvent toxicity in an extractive fermentation process. 
One is replacement of the toxic solvent component with a nontoxic one. The other is 
addition of an immiscible, biocompatible component to the medium to entrap any toxic 
solvent dissolving into the aqueous mediimi phase. The second method was tested 
successfully in an extractive fermentation with Lactobacillus delbrueckii for lactic acid 
production by Yabannavar and Wang (1991a). 
Procedures for acid recovery from the solvent have included back-extraction with 
water at higher temperature (temperature-swing) (Tamada and King, 1990b), back-extraction 
with caustic (Eyal and Bressler, 1993; Yang et al., 1991), and distillation (Poole and BCing, 
1991). The choice of methods depends not only on the properties of the acid and the solvent 
to be separated, but also on the form of product desired. Temperature swing generates a 
dilute acid solution; caustic extraction gives the salt of the acid. Only distillation yields the 
concentrated free acid. The relatively high volatility of both acetic and propionic acids 
means that the desired, dilute components would be recovered in the overhead from 
distillation, an economically desirable situation. The acids can then be further purified while 
the solvent is recycled to the extraction process. 
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Materials and Methods 
Materials 
Organic chemicals 
The extractant Alamine 304-1, a trilaurylamine, was generonsly provided by Henkel 
Corporation (Tucson, AZ). The three diluents were 2-octanol (Fisher, Itasca, IL), 1-
dodecanol (approx. 99%) (Sigma, St Louis, MO) and Witcohol® 85 NF ( > 90% oleyl 
alcohol, Witco Corp., Dublin, OH). Com and olive oils (ICN, Aurora, OH) and soybean oil 
(Sigma) were used as solvent scavengers. All organic chemicals for toxicity studies were 
pre-washed by vigorously shaking with deionized water for 15 min to remove water-soluble 
impurities. 
Microorganism and media 
Five strains of Propionibacterium {P. acidipropionici P9, P68, P200910 and P. 
thoenii P20, PI 27) from the culture collection of the Department of Food Science and Human 
Nutrition at Iowa State University were screened for their ability to grow when exposed to 
the 30% (v/v) Alamine 304-1 in 2-octanol solvent system. Sodium lactate broth (NLB) was 
used to grow seed cultures in all studies. It contained 1% (w/v) sodium lactate 60% (w/w) 
syrup (Fisher), 1% (w/v) yeast extract (Difco, Detroit, MI), and 1% (w/v) Trypticase Soy 
Broth (BBL, Cockeysville, MD). The NLB was solidified with 1.5% (w/v) agar (Difco) to 
form sodium lactate agar (NLA), which was used to maintain working cultures of the 
bacteria. The glucose medium (GM) used for strain screening tests was the same as that used 
by Solichien et al. (1995). It consisted of 2% (w/v) glucose, 1% (w/v) peptone (Difco), 1% 
(w/v) yeast extract, 0.025% (w/v) potassium phosphate (monobasic), 0.020% (w/v) 
magnesium sulfate, and 0.005% (w/v) manganese chloride. Fermentation broth (FB) was 
used in single-component solvent toxicity tests and toxicity-reducing tests. It consisted of 
0.6% (w/v) yeast extract, 0.3% (w/v) Trypticase Soy Broth, and 2% (w/v) glucose. 
Methods 
Partitioning 
Five mL of solvent, comprised of various concentrations of Alamine 304-1 in 2-
octanol, 1 -dodecanol or Witcohol 85 NF, were equilibrated with an equal volume of aqueous 
propionic acid solutions in a water bath-shaker (Versa-Bath®, S model 236, Fisher) at 160 
rpm and 32 °C for 24 h. The ranges of equilibrium pH (4.7-5.2) and aqueous acid 
concentration (10-20 g/L) tested approximated the expected operating conditions for the later 
extractive fermentation (Gu, et al., 1997). Aqueous acid concentrations from experiments 
with 1-dodecanol and Witcohol 85 NF were analyzed by HPLC (Aminex® HPX-87H ion 
exclusion column, Bio-Rad, Hercules, CA) using a dififerential-refractometer (KNAUER®, 
Rainin, Wobum, MA) for peak quantitation. The solvent-phase acid concentrations were 
determined by first back-extracting the acid into aqueous NaOH (final pH > 8.1) and then 
assaying the aqueous phase by HPLC. Acid concentrations from experiments with 2-octanol, 
which were completed before the others, were determined by colorimetric titration with 
aqueous NaOH, using phenolphthalein as the indicator. The total aqueous acid 
concentrations (undissociated and dissociated acids combined) for the calculation of K^j were 
obtained from overall mass balance based on the undissociated acid concentrations measured 
by titration at known pH. 
Solvent toxicity 
Strain sgreenins 
Solvents with optimal Alamine concentration based on partitioning data were tested 
for their toxicity. The following testing procedure was repeated for all strains. 
The seed culture was prepared by inoculating 10 mL of NLB with isolated colonies 
from an NLA working culture plate and then incubating the broth at 32 °C for 24 h. A 5% 
(v/v) inoculum of this broth was then added to a 250-mL Erlenmeyer flask containing 200 
mL of GM and incubated at 32 °C until the culture had reached mid-log (30 h) or late-log 
phase (55 h). Aliquots (8 mL) were withdrawn from the flask and resuspended in solvent-
free (control) and solvent-saturated GM to start the test. Growth was monitored by 
measuring the absorbance of the cultures at 650 nm (A^so) (Hitachi U-2000 
spectrophotometer, Hitachi Instruments, Danbury, CT). The solvent-saturated GM was 
prepared by shaking one volume of the pre-washed 30% (v/v) Alamine 304-1 in 2-octanol 
solvent system with 50 volumes of GM in a separatory funnel for 10 min at room 
temperature. This ratio provided sufficient solvent to saturate the medivun. After settling, the 
bottom (aqueous) phase was removed and centrifuged at 10000 x g for 30 min to achieve 
25 
complete phase separation. The medium was recovered from the bottom of the centrifiige 
tube. 
Single-component solvents 
P20 was the only strain tested. For tests on culture growth in the presence of bulk 
solvent phase, 2% (v/v) inoculum from seed culture was transferred to 100 mL FB. This 
culture was allowed to grow for 20 h. Then 1 mL of filter-sterilized (0.1-|xm Anotop 25® 
inorganic membrane filter, Whatman, Maidstone, England) solvent (AJamine 304-1 or 2-
octanol) was added to the culture to start the test. 
For tests on culture growth in solvent-saturated media, 100 mL FB was pre-
equilibrated with 2 mL solvent by vigorous mixing for 1 h on a magnetic stirrer. The mixture 
was then centriftiged at 10000 x g for 20 min to achieve phase separation and the solvent-
saturated FB was recovered from the bottom. A 2% (v/v) inoculum of a 2-day-old seed 
culture was added to this medium to begin the test. All cultures tested were unstirred except 
those with bulk solvent phase, which were shaken in an incubator-shaker at 100 rpm to 
provide for phase contact. 
During the tests viable cells were coimted on pour plates of NLA incubated 4 days at 
32 °C anaerobically. Final propionic acid concentrations in the medium were measured by 
HPLC. Culture growth in solvent-free FB was used as the control. 
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Reducing ssolvent toxicity 
All experimental procedures were the same as those used in single-component 
toxicity tests. Culture growth was measured in the presence of 40% (v/v) Alamine 304-1 in 
1-dodecanol or in Witcohol 85 NF. Vegetable oils (com, olive or soybean, 5% v/v, filter 
sterilized) were added at the time of inoculation to FB pre-saturated with 30% (v/v) Alamine 
304-1 in2-octanol. 
Distillation 
The feed for the batch vacuum distillation was 120 mL of solvent extract, containing 
2.75 g and 0.72 g of propionic and acetic acids, respectively. The feed was prepared by 
equilibrating 40% (v/v) Alamine 304-1 in Witcohol 85 NF with a synthetic acid solution. 
The distillation was carried out at 28-30 mmHg (maintained by means of a Duo-Seal® 
vacuum pump, W. M. Welch Manufacturing Co., Chicago, IL) in a short path still (Ace 
Glass, Inc., Vineland, NJ) with ice water for condenser cooling. The temperatures of both 
liquid and vapor phases were monitored and varied firom 23 to 210 °C over the course of the 
distillation. 
Four firactions (the last one of 3.4 mL, the others of 1.5 mL each) of the distillate were 
collected and analyzed along with the residue and the initial solvent. Acids were determined 
by HPLC after back-extraction with 0.5 M aqueous NazCOa solution. Other components 
were analyzed by gas chromatography (HP5890 Series 11, Hewlett Packard, Palo Alto, CA) 
with an SE-30 column (30 m x 0.25 mm, 0.25 mm, Supelco, Bellefonte, PA). A mass 
spectrometer (HP5970, Hewlett Packard) and a flame ionization detector were used for peak 
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identification and quantitation, respectively. Hexane (HPLC grade. Fisher) was used to 
dissolve samples and acids were back-extracted from all samples by 2.0 M aqueous Na2C03 
prior to GC analysis. The internal standard was 2-octanol. 
Partitioning behavior of the distillation residue was determined by equilibration of 30 
mL of residue with an equal volume of synthetic aqueous acid solution, followed by HPLC 
analysis. 
Results 
Partitioning 
Figure 1 shows the partitioning of propionic acid into Alamine 304-1/2-octanol at 
various amine concentrations. Optimal K,, were achieved between 20% (v/v) and 40% (v/v) 
amine concentrations at all the equilibrium aqueous acid concentrations. Table I summarizes 
a comparison of the effects of the diluent and amine concentration on Kj and amine loading 
(the molar ratio of acid to amine in the organic phase), Z. 
Loading was estimated by subtracting from the total acid in the organic phase, the 
amoimt which would be extracted by the volume of pure diluent present. The remainder was 
taken as bound to the amine. It would tend to give a low estimate of Z. Z declines with 
concentration and no overloading (Z > 1) was observed. Kj of pure diluents in Table I are 
approximately 1/3 of the optimal K<j, indicating significant acid extraction by simple 
solvation of the diluents. Alamine 304-1 concentrations of 30% (v/v), 40% (v/v), and 40% 
(v/v) were chosen as optimal for 2-octanol, 1-dodecanol, and Witcohol 85 NF, respectively. 
28 
Table I. Effect of amine concentration on Kj. 
2-Octanol® l-Dodecanol" Witcohol 85 NF'^ 
Alamine 304-1 (v/v %) K<j z" Kd z" K, z" 
0 1.30' 0 0.54 0 0.67 0 
5 1.83 0.71 
10 2.29 0.64 
20 3.00 0.51 1.45 0.41 1.63 0.53 
40 3.39 0.37 1.69 0.28 2.18 0.38 
80 2.83 0.27 1.26 0.16 1.91 0.25 
100 1.61 0.20 0.87" 0.12 1.68" 0.22 
^e initial aqueous propionic acid concentration was 39.4 g/L and equilibrium pH was 
within the range of 4.76 ± 0.24 (mean ± SD). 
''The initial aqueous propionic acid concentration was 30.3 g/L and equilibrium pH was 
within the range of 5.23 ± 0.22 (mean ± SD). 
'^e initial aqueous propionic acid concentration was 40.2 g/L and equilibrium pH was 
within the range of 4.71 ± 0.18 (mean ± SD). 
'^Alamine loading, i. e., the molar ratio of propionic acid to amine in the organic phase, with a 
correction for simple solvation by diluent. 
"Estimated from the equilibrium pH based on the correlation developed by Yang et al. (1991) 
r • • -J -u • r. K,+K,K,/[H"] , ,  for propiomc acid extraction with amme extractant: K. = — —-—=—-, where Ki and 
'  1 + K,/[H"] '  
K2 are 2.29 and 0 for 100% (v/v) 2-octanol, and 2.83 and 0 for 100% (v/v) Alamine 304-1, 
respectively. Kg is 1.32x10'^ M for propionic acid. 
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•a 
Equilibrium Aqueous Acid (mol/L) 
Figure 1. Extraction of propionic acid by Alamine 304-1 in 2-octanoI. Initial Alamine 304-
1 concentration (mol/L): (•), 0.078; (A), 0.156; (•), 0.311; (•), 0.622; (T), 1.244; (O), 
1.566. 
In Table 11 the comparisons among diluents with optimal amine loadings are made for the 
same final pH. At these concentrations, the differences among the three diluents are not 
great, though the trend favors the shorter alcohol (Table II). 
Solvent toxicity 
Table in shows, for all solvents, the log P values calculated by using the hydrophobic 
fragmental constants of the solvent functional groups (Laane et al., 1987). Values for the 
Alamine/diluent mixtures were calculated based on the molar ratios of the mixtures. 
According to these values, 2-octanol is expected to be toxic while the other diluents and their 
mixtures with 40% Alamine, as well as Alamine itself, are not likely to be toxic. The 30% 
(v/v) Alamine in 2-octanol system falls in the borderline (log P = 4-6) region. Hence, it may 
be a good choice for screening for differences in solvent tolerance among strains. 
Strain screening 
The toxicity to propionibacteria of 30% (v/v) Alamine 304-1 in 2-octanol is seen in 
Table FV; for all cases the growth of cultures exposed to dissolved solvent was less than that 
of the controls. The Bonferroni multiple comparison was used to identify differences 
significant at the 95% confidence level. Late-log phase cells had greater resistance to the 
solvent than the mid-log cells. Among strains at late-log phase, the most resistant strain, 
P20, was not significantly more resistant than P9; comparison of the propionic acid 
productivity of various strains had shown P9 and P20 to be comparable and greater than P68 
(Babuchowski et al., 1993). P20 had also provided higher product yields than P127 and 
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Table II. Effect of diluent on K<j*. 
Solvents K.J 
30% (v/v) Alamine 304-1 in 2-octanol 1.25 
40% (v/v) Alamine 304-1 in 2-octanol 1.24 
40% (v/v) Alamine 304-1 in 1-dodecanoI 1.20 
40% (v/v) Alamine 304-1 in Witcohol 85 NF 1.17 
*The initial aqueous propionic acid concentration was 29.4 g/L and the equilibrium pH was 
within the range of 5.24 ±0.13 (mean ± SD). 
Table m. Calculated log P values of pure solvents and solvent mixtures based on 
hydrophobic fi^gmental constants of the solvents. 
Solvents logP 
Alamine 304-1 17.17 
2-Octanol 2.86 
Witcohol 85 NF^ 7.69 
1-Dodecanol 5.00 
30% (v/v) Alamine 304-1 in 2-octanol 4.23'' 
40% (v/v) Alamine 304-1 in Witcohol 85 NF® 10.03" 
40% (v/v) Alamine 304-1 in 1-dodecanol 7.30" 
®The hydrophobic fragmental constants for oleyl alcohol was used for calculating the log P of 
Witcohol 85 NF. 
"log P values of amine/diluent mixtures were calculated based on the following formula 
(Laane et al., 1987); log Pmixnue Pi + log P2, where Xj and X2 are the mole 
fractions of the amine and diluent in the mixtures, and log Pj and log P2 are the log P values 
of the individual components. 
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Table IV. Comparison of the effect of solvent (30% (v/v) Alamine 304-1 in 2-octanol) on 
growth (as A550 at 22 h) of cultures started from inoculum prepared with mid-log cells vs. 
inoculum prepared from late-log phase cells. 
A6S0' 
Strain 
Control 
(Solvent-free) 
Solvent-Saturated 
Medium 
Relative 
Resistance^'' 
P9 
Mid-log 16.1 ±0.74 4.6 ±0.18 0.29±0.001 
Late-log 22.0 ±0.11 13.3 ±0.14 0.61±0.002 
P20 
Mid-log 8.4 ± 0.04 3.0 ±0.21 0.36±0.001 
Late-log 8.0 ±0.11 5.5 ± 0.04 0.68±0.006 
P68 
Mid-log 19.4 ±0.96 4.6 ± 0.00 0.23±0.012 
Late-log 27.1 ±0.21 10.7 ±0.14 0.40±0.008 
P127 
Mid-log 6.3 ±0.11 2.1 ±0.00 0.32±0.006 
Late-log 7.0 ± 0.07 3.6 ±0.04 0.51±0.011 
P200910 
Mid-log 0.5 ± 0.04 0.1 ±0.00 0.21±0.014 
Late-log 7.8 ±0.11 0.7 ± 0.00 0.11±0.004 
^Average of 2 replicates prepared from same inoculum (mean ± SD). The Bonferroni 
multiple comparison test of mid-log to late-log resistance showed that late-log cells had 
significantly (P > 0.95) higher relative resistance than mid-log cells. 
""The ratio of the A^so in the solvent-saturated medium to that in the control. 
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P200910 (Rickert, D. A., M. S. thesis, 1996). The final factor in the choice of P20 for further 
study was the expectation that its slime-forming characteristics might be suited for cell-
immobilization. 
Single-component solvent 
The individual influences of 2-octanol and Alamine 304-1 on growth and acid 
production by strain P20 were examined. Alamine 304-1 did not significantly reduce viable 
cell counts (Figures 2 and 3) or propionic acid production (Table V); it seems to be nontoxic, 
particularly when there is no direct contact with the cells. In contrast, 2-octanol shows 
toxicity, as would be expected from its log P value (< 4). 
Reducing solvent toxicity 
Witcohol 85 NF and 1-dodecanol were chosen as diluents with higher log P values 
than that of 2-octanol (Table III). The switch to 1-dodecanol was not sufficient to eliminate 
toxicity (Figure 4) although the log P value for the mixture was above 6. However, with 
Witcohol 85 NF as the diluent, cell viability (Figure 4) and acid production (Table V) were 
maintained in the presence of bulk organic phase. 
As an alternative to replacement of 2-octanol, the protectant properties of three 
vegetable oils acting as scavengers for aqueous 2-octanol were tested. Addition of the oils to 
the medium was effective in eliminating the toxicity of dissolved 2-octanol (Figure 5 and 
Table V). Numbers of viable cells and amount of propionic acid produced were maintained 
very close to those of the control. 
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Table V. Propionic acid production in cultures incubated with solvent according to various 
modes of exposure. 
Solvent Exposure Modes 
Incubation 
Time (h) 
Propionic Acid 
Produced® (g/L) 
Control (no solvent) 26.5 3.3 
Bulk Alamine 304-1 phase 26.5 2.2 
Bulk 2-octanol phase 26.5 0 
Control (no solvent) 24 1.7 
Alamine 304-1 saturated medium 24 1.7 
2-Octanol saturated medium 24 1.3 
Control (no solvent) 24 2.9 
Bulk 40% (v/v) Alamine 304-1 in Witcohol 85 NF 24 2.9 
Control (no solvent) 24 2.9 
Bulk 40% (v/v) Alamine 304-1 in 1-dodecanol 24 1.2 
Control (no solvent) 24 1.4 
30% (v/v) Alamine 304-1 in 
2-octanol-saturated medium 24 0.5 
Bulk com oil phase*" 24 1.4 
Bulk olive oil phase'' 24 1.3 
Bulk soybean oil phase'' 24 1.3 
®The variations in the amounts of propionic acid produced among the controls studied 
resulted from the differences in cell growth stage at the time of inoculation and operating 
conditions of the cultures (agitated cultures for those in the presence of bulk organic phase 
and static cultures for those saturated by solvent). 
''All the media used in these studies were pre-saturated with 30% (v/v) Alamine 304-1 in 2-
octanol solvent. 
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Figure 2. Viability (CFU/mL) of strain P20 after addition of bulk phases of single-
component solvents (with agitation) to growing cultures: (•), control; (A), Alamine 304-1; 
m, 2-octanol. 
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Figure 3. Growth (CFU/mL) of strain P20 after inoculation into single-component solvent-
saturated medium (without agitation): (•), control; (A), Alamine 304-1; (•), 2-octanol. 
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Figure 4. Viability (CFU/mL) of strain P20 after addition of bulk phases of complex 
solvents (with agitation) to growing cultures: (•), control 1; (A), solvent 1: 40% (v/v) 
Alamine 304-1 in Witcohol 85 NF; (O), control 2; (0), solvent 2: 40% (v/v) Alamine 304-1 
in 1-dodecanol. 
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Figixre 5. Growth (CFU/mL) of strain P20 after inoculation into medium pre-saturated with 
30% (v/v) Alamine 304-1 in 2-octanol. Oils (5% v/v) were added at the time of inoculation: 
(•), control (static culture); (A), solvent saturated medium (static culture); (•), com oil; 
(•),olive oil; (•), soybean oil. 
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Distillation 
Seven components were identified among the feed and products of the organic extract 
distillation by comparing retention times in GC to those of standards. Components and their 
concentrations in each firaction are given in Table VI. Unidentified components, combined as 
"others", appear as impurities in the extractant rather than as degradation products of the 
distillation. Relative volatilities of the primary volatile components are estimated as 5300 
(propionic acid), 3000 (acetic acid), and 1.0 (oleyl alcohol). These estimates were based on 
the composition in the second firaction compared to that in the residue after the firaction was 
collected. With this firaction, both residue and distillate contained sufiKcient quantities of the 
acids to allow an accurate calculation of relative volatility. Additionally, the temperature 
range over which this firaction was collected could be taken as the average over which the 
acids distill. 
Since volatiles from the extraction solvent will be absent from the recycled solvent, 
the impact on partitioning was assessed by determining the K<j for the acids in the residue. 
For the same initial acid concentrations, K<j values were 4.2 and 1.5 for propionic and acetic, 
respectively, in the residue, compared to 4.3 and 1.5 in the original extractant. 
Discussion 
Partitioning 
The proton (polar H) of an active diluent such as alcohol will compete with the 
carboxyl proton of the second acid for the H-bonding site on the first acid. Therefore, the 
Table VI, Compositions of distillation samples. 
Distillate Fraction Concentration (g/L) 
Molecular Initial Feed 12 3 4 
Component* Formula (g/L) (38- 110°C) (110-123 °C) (123- 175 "C) (175-210 °C) Residue 
Propionic acid C3H6O2 22.9 425.2 711.8 671.5 38.9 0.0 
Acetic acid C2H4O2 6.0 162.8 200.3 100.6 6.3 0.0 
M-Undecane C11H24 1.4 0.5 19.0 24.0 7.5 0.0 
1-Dodecanal C12H24O 1.7 0.1 1.3 3.7 6.0 2.1 
l-Dodecanol C12H26O 8.2 0.8 7.9 2.7 88.0 5.4 
1-Tetradecanol C14H30O 9.6 0.2 2.4 8.1 48.0 9.4 
cw-11-Hexadecenal C,6H320 27.0 0.0 2.2 6.8 67.0 31.0 
1-Hexadecanol C16H34O 21.0 0.0 1.4 4.6 46.0 23.0 
Oleyl alcohol C18H36O 490.0 0.5 13.0 43.0 370.0 540.0 
Others 270.0 440.0 22.0 87.0 180.0 230.0 
Total 860.0 1000.0 980.0 960.0 860.0 840.0 
*A11 components were analyzed by GC except propionic and acetic acids, which were measured by HPLC. 
overloading of amine is inhibited (Table I). Similar findings were reported by Tamada and 
King (1990a). The extraction of propionic acid by Alamine 304-1 involved all three 
mechanisms introduced previously. The significant loadings of 100% (v/v) amine (Table I) 
indicate that the acid binding to the amine, via either ion-pair formation or H-bonding, has 
significant contribution to the acid extraction. Meanwhile, H-bonding between the diluent 
proton and the carboxylate binding site on the acid enhances simple solvation of the acid. 
The decrease in loading with increase in amine concentration in the presence of the polar 
diluents, is consistent with the findings of Tamada et al. (1990). Polar diluents play an active 
role in stabilizing complex formation in ion-pair formation and in simple solvation; the much 
less polar Alamine 304-1 reduces such solvating power of the overall mediimi. The effect 
could be expected to decrease, as was seen, with increase in chain length of the alcohol. On 
the other hand, the marginal differences between K<i in Table II indicate that the enhancing 
roles of the three polar diluents on acid extraction are similar. 
Solvent toxicity 
Direct exposure to 2-octanol was found to be most toxic to the cells. Exposure to 2-
octanol dissolved in the aqueous phase is limited by solubility, which, in these experiments, 
may not have been high enough to bring the cell membrane concentration to a toxic level for 
all cells. Hence some survival is seen. When the solvent is present in the medium as a bulk 
phase, not only is there opportunity for direct contact with cells, but there is also a reservoir 
of material to replace the aqueous-phase portion that is pulled into cells. 
Although Alamine 304-1 in 2-octanol performed the best in acid extraction, the 
toxicity test results favor the Witcohol 85 NF system. Table II shows that replacement of 2-
octanol with Witcohol 85 NF reduced the Kj for propionic acid by less than 10% if the 
Alamine level was raised to 40% (v/v). Hence, 40% (v/v) Alamine 304-1 in Witcohol 85 NF 
was selected as the most promising solvent system for extractive fermentation. 
The addition of vegetable oils to the medium was successful in reducing solvent 
toxicity. It is expected that these oils should not extract propionic acid from the medium; all 
exhibited negligible K<i values in partitioning studies (0.112 for com oil, 0.151 for olive oil, 
and 0.125 for soybean oil) compared to that of 40% (v/v) Alamine 304-1 in Witcohol 85 NF 
(2.18). The oils may, however, partition into the extractant phase and reduce its capacity for 
acid. Use of oils would also increase the overall cost of the fermentation and might lead to 
membrane fouling. Such effects were not evaluated as this option was not pursued. 
Distillation 
One of the major concerns for the distillation process was the potential for 
autoxidation (Birmberg, 1993) of the unsaturated oleyl alcohol, the main component of 
Witcohol 85 NF. Despite the time-temperature exposure of our laboratory distillation (50 
minutes to go from 23 to 210 °C), an overall mass balance indicated no degradation of oleyl 
alcohol. Mass balances also showed 98.7% and 96.6% recovery of propionic and acetic 
acids, respectively, in the first three fractions, which comprised less than 4% of the original 
feed volume. This means that energy is required to vaporize only a small portion of the feed. 
A multistage, continuous distillation could achieve even greater purity and concentration. An 
overall mass balance showed 100% recovery of both propionic and acetic acids (with all four 
fractions), indicating no significant acid conversion or degradation during distillation. Oleyl 
alcohol's lower volatility makes this diluent the best choice of the three for use in distillation. 
Recycle reduces the diluent cost, which might be further reduced by blending with a low 
volatility-alkane. 
The first flection of the distillate contained 0.66 g of "others", an amount which 
corresponds to the amount of water that could be expected to co-extract with the acid. 
Assuming it to be water gives a value of 0.75 moles water/mole acid extracted. This is 
within the typical range (0.5-2 moles/mole) of water co-extracted with carboxylic acids by 
amine extractants and much lower than the 3-5 moles/mole acid extracted by conventional 
solvents (Ricker et al., 1980). In the economic evaluation of a process for acetic acid 
recovery from an aqueous industrial stream, Ricker et al. (1980) found that this co-extraction 
would not significantly affect the process viability. 
Conclusions 
The optimal concentration of Alamine 304-1 in three diluents for extraction of 
propionic acids ranged from 30 to 40%. While the Alamine/2-octanol combination gave the 
greatest partitioning, the toxicity of 2-octanol made this combination unsuitable for extractive 
fermentation. Among the tested bacterial strains, strain P20 in late-log phase was the most 
resistant to this solvent. 
Two approaches eliminated solvent toxicity. One was the replacement of 2-octanol 
with Witcohol 85 NF. The intermediate choice of 1-dodecanol did not eliminate toxicity. 
The second was the addition of vegetable oils to scavenge the dissolved 2-octanol and reduce 
it to tolerable levels. The lower volatility of oleyl alcohol also makes it the best choice if 
distillation is used as the final recovery step. Complete acid recovery firom Alamine 304-1 in 
Witcohol 85 NF can be achieved by vacuum distillation with the residue recycled as 
extraction solvent. 
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PROPIONIC ACID PRODUCTION BY EXTRACTIVE 
FERMENTATION; PART 2. FERMENTATION STUDIES AND 
ECONOMIC EVALUATION 
A paper submitted to Biotechnology & Bioengineering 
Zhong Gu, David A. Rickert, Bonita A. Glatz and Charles E. Glatz 
Summary 
Production of propionic acid by fermentation is hindered by low productivity and 
product inhibition. We have used cell immobilization to increase productivity and extractive 
fermentation to reduce product inhibition. A liquid extractant consisting of 40% (v/v) 
Alamine® 304-1 (trilaurylamine) in Witcohol® 85 NF (oleyl alcohol) contacted recirculating 
broth in a hollow-fiber extractor. Propionic acid concentration in the extractive fermentation 
was maintained at 13 g/L by concurrent extraction compared to a final concentration of 71 
g/L m nonextractive mode. The acid yields were doubled and higher overall acid 
productivities were obtained in the extractive fermentation. The extractant also exhibited 
selectivity for propionic over acetic acid, thus partially piarifying the former. In both 
fermentation modes, productivity was enhanced by cell immobilization in calcium alginate 
beads, a strategy made feasible because of the low metabolic rate of the propionibacteria. An 
economic analysis of a modified version of this extractive fermentation, with whole-cell 
extraction in an ex situ mixer-settler extractor, showed that the extractive fermentation, with 
favorable assumptions, approached economical feasibility at a 50,000-ton armual production 
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scale. For these conditions, production cost of the propionic acid was $1.16/kg; this cost was 
reduced to $0.94/kg when acetic acid byproduct values were included. 
Keywords 
Propionic acid, extractive fermentation, economics, fed-batch fermentation, cell 
immobilization. 
Introduction 
Propionic acid is a commodity chemical with uses in animal feeds, grain preservation, 
antiflmgal agents (calciimi and sodium salts), plasticizers (cellulose acetate propionate) and 
herbicides (Chemical Marketing Reporter, 1994). The synthesis of propionic acid has been 
dominated by petrochemical routes, including the oxidation of propane, propionaldehyde, 
and propanol (Paik and Glatz, 1992). This makes the product very vulnerable to the sudden 
price fluctuations of propane and natural gases. On the other hand, synthesis by fermentation 
is able to utilize inexpensive and renewable biomass as substrate (Czaczyk et al., 1996; 
Humphrey, 1977; Jain et al., 1991; Lee et al., 1974; Martin et al., 1961; Paik and Glatz, 1992; 
Wood and Werkman, 1934). 
Overall, there are three barriers to commercializing a propionic acid fermentation 
process. First, the fermentation is lengthy. A typical batch fermentation takes about 3 days to 
reach 2% (w/v) propionic acid, with propionic acid yield (the mass of the acid formed per 
unit mass of the substrate consumed) usually less than 60% (Hsu and Yang, 1991). Second, 
the fermentation is end-product-inhibited (Woskow and Glatz, 1991), limiting the final 
propionic acid concentration. Third, downstream separation and concentration of the acid are 
expensive because of its low broth concentration (usually less than 6% (w/v) propionic acid) 
and the presence of acetic acid as a byproduct The low volatility of propionic acid relative 
to water makes direct distillation recovery problematic. 
Integration of separation and fermentation as a means of overcoming some of these 
barriers has been considered for several carboxylic acids including propionic acid (Boyaval et 
al., 1993; Hatzinikolaou and Wang, 1992; Tung, 1993; Vickroy, 1985; Weier et al., 1992). 
Among separation methods, liquid-liquid extraction is the most widely studied. Several 
extractive fermentation processes for propionic acid were developed using various complex 
solvent systems (Lewis and Yang, 1992; Ozadali et al., 1996; Solichien et al., 1995). 
Solichien et al. (1985) used a hollow-fiber module for membrane extraction of propionic acid 
with 20% (w/v) TOPO (tri-w-octyl phosphine oxide, extractant) in kerosene (diluent). This 
solvent system was nontoxic to the propionibacteria. However, the integrity of the hollow-
fiber module was hard to maintain because of solvent crystallization at room temperature. 
Propionic acid was also extracted with 10% (w/v) TOPO in «-decane in a flat sheet, 
supported liquid membrane (SLM) apparatus by Ozadali et al. (1996). The stability of the 
SLM was limited by the leaching of the diluent, «-decane. Lewis and Yang (1992) used 40% 
(w/w) Alamine 336 in 2-octanol to extract propionic acid with two modes of extraction. 
With in situ extraction, direct contact of the microorganism and the solvent caused acid 
productivity to decrease; the fermentation was not inhibited by ex situ extraction. 
The economic feasibility of the propionic acid fermentation process has been 
addressed (Clausen and Gaddy, 1981; Lewis and Yang, 1992; Nishikawa et al., 1970). Lewis 
and Yang (1992) reported that 18 t of calciirai propionate could be produced daily from 
450,000 kg of whey lactose feed for about $0.34/kg of product. However, no details on 
downstream processing costs were revealed. Clausen and Gaddy (1981) presented 
preliminary designs for a plant with an annual production of 32,000,000 kg at costs of 
$0.46/kg and $0.54/kg for acetic and propionic acids, respectively (1981 values). Co-
production of other valuable products such as vitamin with propionic acid was studied by 
Nishikawa et al. (1970) to improve the economic viability of the fermentation process. 
Previously we found that 40% (v/v) Alamine 304-1 (trilaurylamine) in Witcohol® 85 
NF (oleyl alcohol) was nontoxic, provided good partitioning of propionic acid into the 
solvent, and was compatible with free acid recovery by distillation (Gu, et al., 1997b). Here, 
we have employed this solvent system in a fed-batch extractive fermentation with 
immobilized cells to avoid product inhibition. Inmiobilized cells offer the advantages of 
higher cell density, elimination of lag, and reduced exposure to solvent. Fed-batch mode 
avoids catabolite repression. The extraction was also intended to partially purify the 
propionic acid and to reduce the base consumed for pH control. Comparison with the 
nonextractive fermentation as well as an overall economic evaluation of such an extractive 
process are reported in this paper. 
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Materials and Methods 
Materials 
Propionibacterium thoenii strain P20 from the culture collection of the Department of 
Food Science and Human Nutrition at Iowa State University was used in the fermentation. 
Seed cultures were grown in sodium lactate broth (NLB) containing 1% (w/v) sodium lactate 
60% (w/w) syrup (Fisher, Itasca, IL), 1% (w/v) yeast extract (Difco, Detroit, MI), and 1% 
(w/v) Trypticase Soy Broth (BEL, Cockeysville, MD). The NLB was solidified with 1.5% 
(w/v) agar (Difco) to form sodiirai lactate agar (NLA), which was used to maintain the 
working cultures of the bacteria. Fermentation broth (FB) consisted of 0.6% (w/v) yeast 
extract, 0.3% (w/v) Trypticase Soy Broth, 18 mM calcium chloride (anhydrous 4-20 mesh. 
Fisher), and 7.5% (w/v) glucose. The solvent for extractive fermentation was 40% (v/v) 
Alamine 304-1 (trilaurylamine, Henkel Corp., Tucson, AZ) in Witcohol 85 NF (> 90% oleyl 
alcohol, Witco Corp., Dublin, OH). 
Methods 
Fermentation 
Strain P20 was immobilized in calcium alginate beads (average diameter: 2.5 mm in 
nonextractive and 2.7 mm in extractive processes) by following the procedures developed 
elsewhere (Rickert, D. A., M. S. thesis, 1996). In the nonextractive processes, the bead load 
(% w/v of beads to fermentation medium) was 40% in 203 mL FB in a benchtop fermenter 
(BioFlo® Model C30, New Brunswick Scientific, Edison, NJ). The fermenter was equipped 
with a pH controller (Model pH-40, New Brunswick), which maintained constant pH at 6 or 
7 via the automatic addition of 6 N NaOH. Temperature was maintained at 32 °C. Agitation 
(at 150 rpm) was accomplished by a magnetically driven four-bladed impeller. Glucose 
concentration was monitored with a YSI enzymatic glucose/Iactate analyzer (Model 2700, 
Yellow Springs, Inc., Yellow Springs, OH) and was maintained between 35 and 75 g/L by 
feeding a 50% (w/v) glucose solution. An aliquot of lOx glucose-free FB was also fed every 
24 h to replenish other nutrients. 
Except as noted, the extractive fermentation in 300 mL FB followed the same 
procedures. The solvent reservoir (see Figure 1) contained 350 mL 40% (v/v) Alamine 304-1 
in Witcohol 85 NF, which was replaced every other day. The hollow-fiber membrane 
extractor consisted of 224 hydrophobic, microporous polypropylene hollow fibers (Celgard 
X20-400, Hoechst Celanese Corp., Charlotte, NC), each with an effective length of 25.4 cm, 
potted into a glass shell (Iowa State University Glass Blowing Shop, Ames, lA) with O. D., I. 
D., and length of 14, 12.7, and 305 mm, respectively. The total effective membrane surface 
area was 716 cm^. Details of the fibers and module construction can be found elsewhere 
(O'Brien, D., M. S. thesis, 1993). Before the fermentation, the shell side of the membrane 
extractor was chemically sanitized with 500 mL 3% (v/v) hydrogen peroxide solution 
(Fisher) and then rinsed with 800 mL sterile deionized water. 
The fermentation was started in nonextractive fed-batch mode for 22 h at pH 6. 
Extraction was begun at this time by continuously circulating the medium at 15 mL/min on 
the shell side of the hollow-fiber membrane extractor while circulating the organic solvent 
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Figure 1. Experimental setup for extractive fermentation. 
countercurrently at 5 mL/min on the tube side. When extraction was begun the pH in the 
fennenter was allowed to fall to and controlled at 5.5 for better acid extraction. Solvent 
leakage from the membrane pores was prevented by applying back pressure (0.08-0.09 MPa) 
on the shell side of the extractor. The hydrophobic nature of the hollow fibers prevented 
medium from penetrating into the solvent phase as long as the back pressure did not exceed 
approximately 0.13 MPa. 
To enumerate viable immobilized cells, 8 beads were taken from the medium and 
dissolved in 2 mL of 1% (w/v) sodium citrate (Fisher) solution. Occasional vigorous 
agitation was implemented during the 3 h dissolution period. The solution was then serially 
diluted and plated onto NLA; colonies were counted after 4 days of anaerobic incubation at 
32 ®C. Samples were taken from the fennenter for HPLC analysis before and after glucose 
feedings. Before analysis, solvent-phase samples were back-extracted with NaOH. Detailed 
procedures were described by Solichien et al. (1995). 
Economic evaluation 
The economic evaluation was carried out, with some modification on our part, using 
BioPro Designer® (Intelligen, Inc., Scotch Plaines, NJ), a process design software package. 
A batch process with a designed annual capacity of 50,000 ton propionic acid is illustrated in 
Figure 2. A mixer-settler extractor of 10 stages replaces the hollow-fiber membrane extractor 
used experimentally. The substitution was viewed as technically feasible because of the low 
toxicity of the solvent demonstrated earlier (Gu et al., 1997b). Scaled-up cost of the hollow-
fiber extractor was too great to be feasible for a commodity chemical such as propionic acid. 
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Figure 2. Flowsheet for propionic acid production with extractive fermentation. 
The mixer-settler extractor was sized to maintain the fermenter propionic acid concentration 
at 3 g/L and provide a contact time per stage that was sufScient for 90% stage efficiency in 
similar extractions (Karr and Scheibel, 1954). 
The fermentation batch time was set to be 210 h, the longest duration tested 
experimentally. During the fermentation, the medium is recycled through a mixer-settler 
extractor, where the acids are removed by the 40% (v/v) Alamine 304-1 in Witcohol 85 NF 
solvent system. The solvent extract from the extractor is continuously distilled under 
vacuum in an acid stripping column to recover the acids from the overhead. Any coextracted 
water has been neglected. These are fiirther purified by distillation to obtain the propionic 
and acetic acid product streams. The solvent loss in distillation (0.01%) is replaced with 
fresh solvent before recycle to the extractor. The bead-immobilized cells for the production 
fermentation are supplied by a separate cell immobilization process (not shown in Figure 2), 
which includes fermenters for growing seed culture and a decanter-centrifiige for biomass 
recovery. 
The equipment design parameters and chemical prices are shown in Tables I and II. 
All prices are values from 1996 or later, either available in the software or provided by the 
suppliers of the chemicals. For fermentation substrates, best case choices of ammonia for the 
nitrogen source and low-cost "fermentables" as the carbon source are used. The fermentables 
are assumed to be glucose equivalents with costs comparable to those for hydrolyzed 
cellulose or byproducts such as com-steep liquor. Fermentation utilizing com-steep liquor as 
the substrate achieved very close propionic acid production to that using glucose (Rickert, D. 
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Table I. Design parameters for economic evaluation. 
Parameters 
Feed blending tank: 
Agitation rate 0.25 kWW 
Height / Diameter 2.50 
Liquid / Total (volimie) 0.85 
Heat sterilizer: 
Sterilization criterion (In Nq/N) 37.0 
Activation energy 283.3 kJ/mol 
In (Frequency factor) 83.35 1/s 
Maximum throughput 100.08 m^/h 
Tube diameter 10.00 cm 
Exit temperature 32.0 °C 
Preheat temperature 110.0 "C 
Sterilizer temperature 140.0 °C 
Decanter centrifuge*: 
Maximum solid throughput 25.0 kg/s 
Liquid viscosity 0.0015 N-s/m' 
Efficiency 30% 
Particles in heavy phase (volume) 0.60 
Fermenters (seed* and production): 
Productivity of propionic acid 3.9 g/Lh 
Propionic acid yield coefficient 0.52 
Acetic acid yield coefficient 0.24 
Biomass yield coefficient 0.16 
CO2 yield coefiBcient 0.10 
Liquid / Total (volume) 0.75 
Height / Diameter 2.50 
Fermenter agitation power 0.6 kW/m^ 
Fermentation temperature 32.0 °C 
Extent of fermentation 100% 
Mixer-settler extractor: 
Maximum throughput 5.0 mVs 
Mixer residence time 5.0 min 
Settler residence time 10.0 min 
Solvent partition coefficients for acids: 
Propionic acid 2.2 
Acetic acid 1.5 
*For the cell immobilization process. 
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Table I. (continued) 
Parameters 
Feed/solvent ratio (volume) 2.0 
Unit power consumption 0.25 kW/m" 
Propionic acid concentration in mediimi inlet 3.0 g/L 
Propionic acid recovery rate 0.95 
Acid stripping column: 
R ! Rfliin 1.25 
Maximum diameter 2.00 m 
Relative volatility: 
Propionic acid/oleyl alcohol 3000 
Acetic acid/oleyl alcohol 5300 
Stage height 0.40 m 
Column pressure 4,000 Pa 
Condenser temperature 4.0 °C 
Reboiler temperature 175.0 °C 
Acid purifying colurrm: 
! Rfflin 1.80 
Maximum diameter 2.00 m 
Relative volatility (acetic/propionic acids) 2.90 
Stage height 0.40 m 
Column pressure 103,000 Pa 
Condenser temperature 31.0 °C 
Reboiler temperature 180.0 °C 
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Table H. Prices of raw materials and products*. 
Price ($/kg) 
Raw material: 
Fermentation nutrients: 
Fermentables 
Anunonia 
Solvents: 
Alamine 304-1 
Witcohol 85 NF 
Cell-immobilization materials: 
Calcium chloride 
Sodium alginate 
0.28 
14.90 
3.00 
2.06 
0.13 
0.23 
Products: 
Acetic acid 
Propionic acid 
0.84 
0.94 
* All prices are based on values obtained from suppliers except that of the fermentables which 
is the program default and would reflect carbon sources such as hydrolyzed cellulose or com-
steep liquor. 
A., M. S. thesis, 1996). The yield coefficients (mass of products produced per mass of 
fermentables consumed. Table I) used are the values obtained from additional kinetic studies 
for a propionic acid concentration approximately 3.0 g/L (Gu et al., 1997a). Disposal costs 
for the spent broth and solid wastes (beads with immobilized cells) are set at $0.01/kg and 
$0.05/kg, respectively. One of the advantages of extractive fermentation is the control of the 
fermentation pH with acid removal instead of base addition. Therefore, base consumption is 
assumed to be negligible in the current design. The costs of cell immobilization are 
evaluated based on the highest cell density achievable by free-cell fermentation and the initial 
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immobilized-cell density required by the production fermentation at various bead usages (the 
number of consecutive batches the beads can be used in production fermentation without 
replacement). These costs were combined with the production fermentation costs to 
determine the overall process profitability. 
Results 
Fermentation 
Figure 3 shows acid production by nonextractive fermentation at pH 6. By 168 h, 
71.0 g/L propionic acid and 16.1 g/L acetic acid had been produced at pH 6; in contrast, 66.2 
g/L propionic acid and 17.4 g/L acetic acid were produced after 209 h of a fermentation done 
atpH 7. 
Broth concentrations throughout the 202-h extractive fermentation are shown in 
Figure 4. The solvent-side concentration profiles illustrate that propionic acid was extracted 
much faster than the acetic acid (Figure 5 and Table III); this resulted in partial purification 
of propionic acid. During each of the four solvent replacement periods, the propionic acid 
extracted was always close to or more than 100% of the acid produced in the fermenter 
during the same period (Table III). This shows that the membrane area/fermenter volume of 
2.4 cm /cm used here was adequate for propionic acid recovery. Less firequent solvent 
replacement or a need to maintain lower acid concentration in the fermentation would 
increase the required membrane area. 
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Table HI. Efficiency of acid extraction relative to acid production. 
Time Period® (h) Propionic Acid Extracted'' (%) Acetic Acid Extracted*^ (%) 
22-76.5 97.1 37.7 
76.5-118 138.6 84.8 
118-166 99.2 81.8 
166-202 106.1 87.1 
^Period of the fermentation in which a given batch of solvent was circulating in the extractor. 
''In the given period, the percentage of propionic acid produced that was extracted. 
®In the given period, the percentage of acetic acid produced that was extracted. 
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Figure 3. Substrate and product concentrations in the fermentation broth during the course 
of fed-batch fermentation at pH 6: (•), glucose; (•), propionic acid; (A), acetic acid. The 
decreases in acid concentration coinciding with glucose addition are the result of dilution. 
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Figure 4. Substrate and product concentrations in the fermentation broth during the course 
of the extractive fermentation. Extractive mode began at 22 h. (•), glucose; (•), propionic 
acid; (•), acetic acid. 
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Figure 5. Product concentrations in the solvent reservoir during the course of the extractive 
fermentation. Breaks in the curves indicate points at which solvent was replaced: (•), 
propionic acid; (A), acetic acid. 
As was the case for the nonextractive fermentation, no overall decrease of viable cell 
counts was observed for either the immobilized or the free cells (Figure 6); this confirms the 
tolerance of strain P20 for the extraction solvent system. The nimiber of free cells in the 
fermenter represented less than 1% of the number of immobilized cells throughout the 
fermentation. 
The overall performance of the extractive fermentation is compared to that of the 
nonextractive process in Table IV. Acid yields and productivities were higher in the 
extractive fermentation. The influence of acid concentration on culture performance can be 
seen by following the variation in productivity (Figvure 7) and yields (Figure 8) during the 
course of the fermentations. These data have been smoothed to eliminate some of the 
variability resulting from the need to calculate concentration differences over short time 
periods. In the case of the extractive fermentation, these calculations also involved simmiing 
differences both from the broth and from the solvent reservoir. Productivity and yields were 
quite stable during the extractive fermentation, but decreased steadily over the course of the 
nonextractive fermentation. As the acid concentration built up, performance declined. An 
added benefit of the extractive process was that the extraction of acids to the solvent phase 
reduced base consumption for fermentation pH control by 80%. 
Economic evaluation 
Previous studies (Rickert, D. A., M. S. thesis, 1996) showed that 1.23 g/L biomass 
could be produced in 48 h of free-cell fermentation. The initial cell density in an 
immobilized-cell fermentation with 40% (w/v) bead load is about 24 g/L. Therefore, if beads 
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Table IV. Overall performance of extractive' and nonextractive fermentation. 
Extractive Nonextractive Fermentation 
Fermentation pH = 6.0 pH = 7.0 
Immobilized cell density** (CFU/mL) 1.3xI0'' 1.5x10" 1.4x10" 
Acetic acid yield (g/g glucose) 0.12 0.04 0.05 
Propionic acid yield (g/g glucose) 0.43 0.20 0.19 
Acetic acid volumetric productivity (g/L h) 0.12 0.10 0.08 
Propionic acid volumetric productivity 0.46 0.42 0.32 
'Including the performance in the first 22 h nonextractive mode. 
''Average viable cell coiints of immobilized cells per medium volume. 
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Figure 6. Concentrations of immobilized (•) and free cells (A) per volume of fermentation 
broth during the course of the extractive fermentation. Conditions as in Figure 3. 
70 
CD 1.6 
q 0.8 
20 40 60 80 100 120 140 160 180200220 
Tlnne (hours) 
Figure?. Propionic acid productivity during extractive (•) and nonextractive pH 6.0 
fermentation (A). 
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Figure 8. Acid yields variation during extractive fermentation: (#), propionic acid; (•), 
acetic acid and nonextractive fermentation at pH 6: (A), propionic acid; (•), acetic acid. 
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are used for just a single fermentation, it would require 4 seed fermenters each producing 5 
batches of free cells to produce enough biomass for an immobilized-cell fermenter of the 
same size. This operating cost would be too high to make the overall process profitable 
(Figure 9). If beads can be used for repeated production fermentations, immobilization costs 
per fermentation will be reduced. Immobilized cells would need to be used for at least 5 
consecutive batches of 210-h fermentation to make the overall process profitable. The 
economic evaluations for such a case are shown (Tables V-VII). The major equipment 
specifications and purchase costs are listed in Table V. Of the total equipment cost 61% is 
for the fermenters and 16% for the extractor. The unlisted equipment includes such items as 
pumps for vacuum distillation and material transfer. Based on the annual operating costs of 
cell immobilization and production (Table VI), including annual depreciation of investment 
at 9.5%, the profitability analysis indicates that the overall process becomes profitable at 
production cost of $1.16/kg of propionic acid (Table VII). When credits are taken for acetic 
acid ($0.84/kg), the fermentation can be profitable at the current market price for propionic 
acid of $0.94/kg. The return on investment of the process before tax is 2.7%. 
Discussion 
Fermentation 
The results from the pH 6 fermentation surpass those reported by Paik and Glatz 
(1992) for a very similar study of propionic acid fermentation with calcium alginate-
immobilized cells. In his work, lower overall productivities of 0.26 and 0.05 g/L h were 
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Table V. Major equipment specifications and purchase costs. 
Equipment Specification #of Unit Cost Cost 
Units (thousand $) (thousand $) 
Seed fermenter* Volume = 361.81 m^ 6 1,296 7,776 
Power = 162.82 kW 
Decanter centrifuge* Sigma Factor = 1.9x 10^ m^ 1 137 137 
Power = 0.05 kW 
Feed blending tank Volume = 150.72 m^ 2 90 180 
Power = 32.02 kW 
Heat sterilizer Diameter = 0.10 m 1 429 429 
Length = 17.60 m 
Production fermenter Volume = 339.20 m^ 8 1,239 9,912 
Power = 152.64 kW 
Mixer settler extractor Throughput = 4279.1 m^/h 1 4,439 4,439 
Number of stages = 10.7 
Acid stripping column Number of stages = 15 1 21 21 
Acid purifying column Number of stages = 35 1 39 39 
Unlisted 20% of total cost — — 5,734 
Total — — — 28,667 
*Equipment for cell-immobilization process, assunung immobilized cells can be used for 5 
consecutive batches of a 210-h fermentation. 
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Table VI. Annual operating costs of the production and the cell-immobilization processes. 
Production Cost 
(thousand $/y) 
Cell-Immobilization 
Cost* (thousand $/y) 
1. Direct fixed capital dependent items 
Depreciation 8,448 4,627 
Maintenance material 1,201 633 
Insurance 890 487 
Local taxes 1,779 974 
Factory expense 4,447 2,435 
2. Labor-dependent items 
Operating labor 1,340 902 
Maintenance labor 1,051 554 
Fringe benefits 479 291 
Supervision 479 291 
Operating supplies 134 90 
Laboratory 201 135 
3. Administration and overhead expense 1,722 1,048 
4. Raw materials 13,953 1236 
5. Utilities 8,390 704 
6. Waste treatment/disposal 796 502 
Total annual operating cost 
Including depreciation 45,310 14,774 
Excluding depreciation 36,862 10,147 
•Assuming the immobilized cells can be used for 5 consecutive batches of a 210-h 
fermentation. 
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Table Vn. Profitability analysis. 
Total investment (thousand $/y) 146,671 
Revenue streams flowrate 
Propionic acid (t/y) 51,923 
Acetic acid (t/y) 18,217 
Production unit cost* 
Propionic acid ($/kg) 1.16 
Selling price 
Propionic acid ($/kg) 0.92 
Acetic acid ($/kg) 0.84 
Revenue 
Propionic acid (thousand $/y) 48,807 
Acetic acid (thousand $/y) 15,302 
Annual operating cost* (thousand $/y) 60,084 
Gross profit (thousand $/y) 4,025 
•Including the annual costs for cell-immobilization process (assuming immobilized cells can 
be used for 5 consecutive batches of a 210-h fermentation) and depreciation. 
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Figxure 9. The effect of bead usage on cell-immobilization process costs (•) and its 
comparison with the gross profit of the production process (A). 
achieved for propionic and acetic acids, respectively. A different bacterial strain and only a 
10% (w/v) bead load were used in Paik's fed-batch fermentation. In addition, the glucose 
concentration in the medium was exhausted between feedings to 20 g/L. The differences in 
bead load and prevailing glucose concentration were likely the major contributing factors to 
the differences in performance between Paik's fermentation and that of the current work. 
However, acid inhibition was still seen in the current fermentation. Propionic acid 
productivity and propionic and acetic acid yields decreased as propionic acid accumulated in 
the medium (Figures 7 and 8). Some of the glucose was diverted to succinic acid production, 
which accumulated to approximately 21 g/L in the pH 6 fermentation. The propionic/acetic 
ratio decreased with increasing propionic acid concentration, which suggests that propionic 
acid production was more strongly affected by acid accumulation than was acetic acid 
production. The high concentration of acids in fed-batch fermentation was achieved at the 
cost of inefficient substrate use and lower productivity. 
Improved performance was observed with extractive fermentation. Through 
continuous removal of propionic acid from the fermenter with liquid-liquid extraction, the 
propionic acid concentration was maintained at about 13 g/L. The overall acid yields were 
more than double those of the nonextractive process. Only 1.6 g/L of succinic acid was 
produced during the extractive fermentation. According to the stoichiometry of glucose 
conversion to propionic acid through succinic acid (Playne, 1985), this decrease in succinic 
acid production would accovmt for 15% of the propionic acid yield improvement. 
The lower acid concentration of the extractive fermentation also benefited 
productivity (except in the initial 22 h. Figure 7), even though the cell density was slightly 
lower. A similar effect has been observed during repeated batch fermentations with 40% 
(w/v) bead-immobilized P20 cells where propionic acid concentration never exceeded 15 g/L 
(Rickert, D. A., M. S. thesis, 1996); up to 4.06 g/L-h propionic acid productivity was 
achieved in that case. Response to lower acid concentrations was observed in fermentation 
kinetic studies with the same bead-immobilized P20 cells. An acid productivity of 0.142 
g/L-h with 1.45% (w/v) bead load (equivalent to 3.9 g/L-h with 40% (w/v) bead load) was 
achieved at 2.77 g/L propionic acid concentration (Gu et al., 1997a). This productivity (3.9 
g/L-h) was used for the economic analysis. 
Economic evaluation 
The economic analysis demonstrates that even with favorable assumptions the process 
only reaches the break-even point for current acid values. Our favorable assumptions do 
have justification. We observed that beads were undamaged and viable cell concentrations 
remained high at the end of the 202-h extractive fermentation process. Therefore, multiple 
usage of the beads is possible, although we have not done so under this condition. Beads 
have been successfully reused in repeated batch fermentations (Rickert, D. A., M. S. thesis, 
1996); up to 20 12-h batches were carried out without significant deterioration of the beads. 
The high acid productivity (3.9 g/L-h) accomplished by 40% (w/v) load of 
immobilized cells at 2.77 g/L propionic acid concentration (Gu et al., 1997a) significantly 
reduced the volume of fermenters required for the industrial-scale production; hence. 
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reasonable fermenter cost was achieved. Cost dictates use of a mixer-settler extractor rather 
than the membrane extractor used for our experiments. 
Because the production cost of propionic acid is higher than its selling price ($1.16/kg 
vs. $0.94/kg), the co-production of acetic acid is very important to the process economics. In 
the current study, the costs of substrates account for over 20% of the overall operating costs; 
this would be higher if glucose at current market price was used. Therefore, the use of low-
cost substrate without propionic acid productivity decline is very important for process 
feasibility. Research on substrates such as com-steep liquor, sulfite-waste liquor and whey-
based substrates have demonstrated the feasibility of such alternatives (Czaczyk et al., 1996; 
Humphrey, 1977; Jain et al., 1991; Lee et al., 1974; Martin et al., 1961; Paik and Glatz, 1992; 
Wood and Werkman, 1934). A common characteristic of these processes is that useful 
products such as propionic and acetic acids can be produced from a waste material with a 
subsequent reduction in waste treatment cost. Sale of biomass for animal feed would further 
improve the economics. 
Conclusions 
In fed-batch fermentation, productivity can be improved by increasing bead load and 
average glucose concentration between feedings. However, acid yields and propionic acid 
productivity decrease as propionic acid accumulates in the medium. Such end-product 
inhibition can be overcome by extractive fermentation. 
Extractive fermentation was successfully conducted using 40% (v/v) Alamine 304-1 
in Witcohol 85 NF as the solvent and immobilized cells. Higher levels of acid yields and 
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productivities were achieved with the maintenance of low concentrations of propionic acid in 
the medium by extraction. Additional advantages included reduction of base consumption by 
80% and selective extraction of propionic acid over acetic acid. 
Economic analysis indicates that the proposed process, with favorable assumptions, 
reaches profitability. Whole-cell extraction in a mix-settler extractor, multi-usage of the 
bead-immobilized cells, use of an inexpensive substrate and co-production of acetic acid 
were necessary for profitability. 
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EFFECTS OF PROPIONIC ACID ON PROPIONIBACTERIA 
FERMENTATION 
A paper accepted by Enzyme and Microbial Technology 
Zhong Gu, Bonita A. Glatz, and Charles E. Glatz 
Synopsis 
Various amoimts of propionic acid were added to the fermentation medium of 
Propionibacterium thoenii strain P20 to examine the effects of propionic acid on cell growth, 
product formation, and substrate consumption and yield. The fermentation kinetics obtained 
from the cell-immobilized reactor were free of mass transfer limitations. Such inherent 
kinetics were described by exponential models in terms of specific propionic acid 
productivity and glucose consimiption rate. As the propionic acid concentration in the 
fermenter increased from 2.77 g/L to 30.41 g/L, cell growth declined by 2/3, specific 
propionic acid productivity and glucose consumption rate also decreased from 0.059 to 0.015 
g propionic acid/g cell-h, and 0.11 to 0.04 g glucose/g cell-h, respectively. The excess of 
propionic acid also altered the bacterial metabolism to produce more byproducts such as 
acetic, lactic and succinic acids, which resulted in the decrease of substrate yield on propionic 
acid from 0.52 to 0.41 g propionic acid/g glucose. To overcome such effects, it is desirable 
to maintain the acid concentration as low as possible, which can be achieved by extractive 
fermentation. At propionic acid concentration below 3 g/L, a propionic acid volumetric 
productivity of 3.9 g/L-h can be attained with 40% (w/v) bead load. 
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Propionic acid, propionibacteria, fermentation, product inhibition, kinetics, cell 
immobilization. 
Introduction 
Like other weak organic acids, propionic acid is known to inhibit cell growth, 
substrate consumption, and acid production during its own fermentation as a result of its 
13 4 8 
antimicrobial activity '. Mechanisms for such inhibition have been proposed' . The 
prevailing view is that propionic acid disturbs the pH gradient across the cell membrane. 
That gradient is an essential motive force for facultative anaerobes such as propionibacteria 
to transport nutrients and metabolites in and out of the bacterial cells. Because of the 
hydrophobic nature of both the propionic acid and the cell membrane, the undissociated acid 
can diffuse through the bacterial membrane into the cytoplasm, and then dissociate into a 
proton and a propionate anion at alkaline pH inside. Thus an inward "leak" of protons is 
o 
created . To maintain the flmctional proton gradient across the membrane, extra ATP must 
be consumed by H^-ATPase to extrude the proton to the outside. This leaves less ATP for 
cell metabolism^. 
To eliminate such end-product inhibition, various extractive fermentation processes 
have been developed'*" to continuously remove propionic acid from the fermentation 
medivim. However, detailed kinetic data on the effects of propionic acid on the fermentation 
are still not available. This paper provides specific information on culture growth, acid 
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production, and substrate consiunption at various levels of propionic acid in the fermentation 
medium. 
We obtained kinetic data by using a differential reactor consisting of a packed bed of 
cells immobilized in calcium alginate beads. Hence, it is necessary to assess the impact of 
substrate and product gradients within the reactor as a result of external mass transfer and 
intraparticle diffusion limitations. Radovich has placed the effects of mass transfer on 
• • • 12 fermentation kinetics into three categories : intrinsic kinetics with free cells, inherent 
kinetics with immobilized cells but without mass transfer limitation, and the effective 
kinetics with significant mass transfer resistance. Useful criteria to quantify mass transfer 
influences for the reactant (substrate) are ti Da and O, dimensionless numbers containing 
only observable parameters'^"''*: 
^)a = —^ (1) 
R 
and 0 = -- (2) 
In equation 1, t] is the external effectiveness factor, the ratio of the observed reaction rate to 
the intrinsic rate; Da is the Damkohler number, the ratio of the maximvun reaction rate to the 
maximum mass transport rate; R is the observed reaction rate per unit volume of the 
immobilized cell particles; kL is the mass transfer coefficient of the substrate; a^ is the 
surface area per volume of the particle bed; and Cb is the substrate concentration in the bulk 
medium. In equation 2, Cs is the substrate concentration at the surface of the particle; R^, is 
the radius of the spherical particle; and D^ is the effective diffiisivity of the substrate within 
87 
the particle. If r|Da « 1, the reactor is free of external mass transfer limitation. 
Intraparticle difflisional limitation is eliminated as O falls below ca. 0.3-3. 
For product mass transfer limitation we compared calculated product concentrations 
at the center (Cp=o) and surface (Cs) of the bead with the bulk concentration (Cb). The 
steady-state mass transfer rate from surface to bulk is given by: 
K^„(C,-C^) = R (3) 
where R is the actual production rate of the acid. Cs can then be calculated from the known 
bulk concentration for each run. The concentration profile within the beads can be obtained 
from the differential mass balance for reaction and diffusion in a sphere: 
1 d'(rC) _R 
r '  "  D.  
with boundary conditions: C = Cb at r = R,, (at the surface, Cg = C3 in the absence of external 
dC 
mass transfer Imutation); and — = 0 at r = 0 (symmetry at the center of the bead). This 
dr 
assumes constant acid production rate, R, in the bead, which must be verified. The solution 
for the product concentration profile is: 
C = |-^(R!-H) + C, (5) 
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Materials and Methods 
Materials 
Microorganism and media 
Sodium lactate agar (NLA), containing 1% (w/v) sodium lactate 60% (w/w) syrup 
(Fisher, Itasca, IL), 1% (w/v) yeast extract (Difco, Detroit, MI), 1% (w/v) Trypticase Soy 
Broth (BBL, Cockeysville, MD), and 1.5% (w/v) agar (Difco), was used to maintain the 
working cultures of Propionibacterium thoenii strain P20 (from the cultiure collection of the 
Department of Food Science and Human Nutrition at Iowa State University). Fermentation 
broth (FB), containing 0.6% (w/v) yeast extract, 0.3% (w/v) Trypticase Soy Broth, 18 mM 
calcium chloride (anhydrous 4-20 mesh. Fisher), and 4% (w/v) glucose (Fisher), was the only 
fermentation medium used. The cell immobilization procedures are described elsewhere'. 
Methods 
For the kinetic studies various amounts of propionic acid (Fisher) (0, 5, 10,20, and 30 
g/L) were added to FB. The experimental setup is illustrated in Figure 1. The FB medium 
(550 mL) with known propionic acid concentration was transferred by the medium feed 
pump into the medium reservoir, a 1.2 liter Fleaker beaker (Cole-Parmer Instrument Co., 
Vernon Hills, IL). The reservoir was placed in a water bath; agitation in the reservoir was by 
means of a magnetic stirrer. The pH of the medium was controlled (Model pH-40 pH 
controller. New Brunswick Scientific, Edison, NJ) at 5.5 with the addition of 6.0 N NaOH. 
The pH was chosen as representative of that used for extractive fermentation". 
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Figure 1. Experimental setup for kinetic study providing for temperature-controlled, plug-
flow, differential reactor. Product formation and substrate consumption are followed by 
sampling from the flow line. 
The fennentation was carried out at 32 °C in a water-jacketed 17 x 48 mm (diameter x 
height) glass cylinder (Iowa State University Glass Blowing Shop, Ames, lA); 8 g of P20-
loaded calcium alginate beads (average diameter: 2.5 mm) were loaded into the cylinder. 
The FB was continuously circulated between the reactor and the reservoir at 15 mL/min by a 
medium circulation pump. With this flow rate, the single-pass substrate conversion was 
negligible (ranging from 0.0007 to 0.002%); this ensured uniform bulk conditions throughout 
the reactor. The effluent from the reactor was filtered with a hollow-fiber microfilter 
(Xampler™, 0.2 (om, A/G Technology, Needham, MA) to prevent any free cells from reaching 
the reservoir. Each fermentation lasted from 45 to 67 h. 
At the end of each run, the medium was replaced with fresh medium at a different 
propionic acid concentration. Fresh beads from the same batch were used for each run. The 
lumen side of the hollow fibers was rinsed by the fresh medium to drive the cell retentate out 
of the system before each new run started. Runs with 0 g/L initial propionic acid were 
replicated at the begirming and the end of the series of experiments; otherwise, the sequence 
of acid levels was randomized among runs. 
Medium samples were taken from the sampling port and analyzed by HPLC 
(Aminex® HPX-87H ion exclusion colunm, Bio-Rad, Hercules, CA) with a differential-
refractometer (KNAUER®, Rainin, Wobum, MA) as the detector and 0.01 N H2SO4 as the 
eluant at a flow rate of 0.5 mL/min. At the beginning and the end of each run viable cells in 
the beads were enumerated by dissolving eight beads in 2 mL 1% (w/v) sodiimi citrate 
(Fisher) solution by vigorous agitation for no more than 3 h, followed by serial dilution and 
plating onto NLA; colonies were counted after 4 days of anaerobic incubation at 32 °C. 
Results and Discussion 
The influences of external mass transfer and intraparticle diffusion of the substrate on 
fermentation kinetics were evaluated based on equations 1 and 2. The results (Table 1) show 
that the kinetics were not significantly affected by either the intraparticle diffusion (O < 0.3) 
or the external mass transfer ( t] Da « 1) of the substrate. Based on the charts for Michaelis-
Menten kinetics of t] (internal effectiveness factor, the ratio of the observed rate and the 
intrinsic rate) vs. O'"* and tj vs. Da'^, ti and T\ were obtained and the values are listed in 
Table 1. The intemal effectiveness factor was at least 0.90 for all conditions while the 
external effectiveness factor was always 1.00. Hence substrate mass transfer limitations have 
been neglected in the kinetic analysis. 
Table 2 shows that propionic acid concentration on the surface of the beads 
(calculated from equation 3) was the same as that in the bulk medium in each run. Therefore, 
the product external mass transfer limitation was negligible. 
To evaluate the intraparticle diffusion limitation of the product on kinetics, Cf=o was 
calculated based on propionic acid concentration profile in the bead (equation 5) and 
compared with Cq for each run (Table 2). Cq was almost the same as Cp=o in most runs and 
was 80% of Cp=o even at the highest production rate studied. The largest difference occurred 
for the lowest propionic acid concentration. This would cause the observed rates to be lower 
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Table 1. Results of the evaluation of substrate mass transfer limitation on kinetics. 
Run 
Number 
Cs or Cg 
(g/L) 
R" 
(g/L-s, xlO^) 
External Mass Transfer Intraparticle Diffusion 
TiDa'* O' T1 
1 38.79 3.34 0.005 1.00 0.21 0.95 
2 37.06 1.33 0.002 1.00 0.09 1.00 
3 36.44 0.71 0.001 1.00 0.05 1.00 
4 39.00 2.08 0.003 1.00 0.13 1.00 
5 38.67 2.86 0.004 1.00 0.18 0.98 
6 38.67 3.91 0.006 1.00 0.25 0.90 
^Observed rates based on bead volume. 
'I'arameters: a^ = 1.42x10^ mVm^ estimated at packed bed void fraction (e, estimated 
based on the ratio between bead and reactor diameters'^) of 0.4; k^ giucosc ~ 1.20x10'^ m/s, 
estimated from correlation for mass transfer to liquid in packed bed, developed by Wilson 
and Geankoplis'® for 0.0016 < Nrc < 55: e~Nsf where u = 1.1x10'^ m/s 
(superficial velocity), Nrc = 3.43 (Reynolds number), and Ngc = 1144.6 (Schmidt number). 
"^Parameters: R<, = 1.25 mm; gjucose = 6.4x10*'° m^/s". 
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Table 2. Results of the evaluation of product mass transfer limitation on kinetics. 
Rim 
Number 
R' 
(g/L.s,xlO^) 
Cb 
(g/L) 
External Mass Transfer** Intraparticle Dififiosion*^ 
Cs(g/L) Cs/Cg Cn^(g/L) 
1 1.73 2.82 2.90 1.03 3.39 1.20 
2 0.37 21.02 21.04 1.00 21.14 1.01 
3 0.29 30.41 30.42 1.00 30.51 1.00 
4 0.91 12.03 12.07 1.00 12.33 1.02 
5 1.29 7.43 7.47 1.01 7.86 1.05 
6 2.05 2.77 2.86 1.03 3.45 1.25 
'Observed rates based on bead volume. 
'Parameters: propionic acid ~ 1.54x10'^ m/s, estimated from the same correlation as that for 
Table 1, where Nsc = 793.3 and other parameters are the same as those of Table 1. 
"Parameters: p„pio„ic a^d = 7.9x 10"'° m^/s'®. 
than would be the case in the absence of the concentration gradient. However, even in this 
most severe case where Cb was 2.77 g/L and Cp=o was 3.45 g/L, the specific propionic acid 
productivity as seen from Figure 2 would be underestimated by at most about 3%. This 
indicates that the intraparticle diffusion of the acid is not significant to the fermentation 
kinetics, which validates the constant rate assimiption made earlier. Therefore, the kinetic 
data obtained from this study represent the inherent kinetics of the fermentation'^. 
Propionic acid productivity, glucose consimiption rate and culture growth were seen 
to vary with the average propionic acid concentrations of each run. Their dependence on 
propionic acid concentration is illustrated in Figures 2 and 3 and Table 3, respectively. The 
acid productivity and glucose consumption rate were converted to specific rates based on 
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Table 3. Effect of propionic acid on cell growth. 
Propionic Acid® Cell Growth (CFU/g bead*^ Fermentation 
Time 
Growth Factor'' 
(g/L) Initial'^ Final (h) 
2.77(0.10-6.98) 5.1 X lO" 1.6 X lO'^ 48.5 3.1 
2.81 (0.40-6.19) 4.1 X lO" 1.5 X lo'^ 49.0 3.7 
7.43 (5.50 - 10.02) 4.9 X lO" 1.1 X lO'^ 49.0 2.2 
12.03 (11.21-14.02) 5.1 X lO" 5.1 X lO" 44.8 1.0 
21.02(20.30-21.60) 5.6 X lO" 4.4 X lO" 50.0 0.8 
30.41 (29.69 - 30.77) 4.9 X lO" 4.4 X lO" 67.0 0.9 
'Average propionic acid concentration in each run with the starting and the ending 
concentrations in parentheses. 
''Colony Forming Units per g of bead. 
'5.0 X lO" ± 4.9 X 10'° (Mean ± SD). 
''Final CFU/g bead vs. initial CFU/g bead ratio. 
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Figure 2. Effect of propionic acid on specific propionic acid productivity. The specific rate 
was based on the average immobilized-cell density of each run and the acid concentration, P, 
was the average during that run. 
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Figure 3. Effect of propionic acid on glucose consumption rate. The specific rate was based 
on the average immobilized-cell density of each run and the acid concentration, P, was the 
average during that run. 
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average cell density, which was calculated from initial and final viable cell counts of each 
run. The number of viable free cells in the medium was assimied to be negligible, since they 
were continuously removed by filtration. Even when allowed to accimiulate in other studies. 
Nonlinear regressions with a modified Monod model (equation 6) and an exponential 
inhibition model (equation 7) were carried out to describe the data on specific propionic acid 
productivity and glucose consumption rate: 
where P and S are the average propionic acid and glucose concentrations in the medium, 
respectively; (ij (i = p for propionic acid and i = s for glucose) is the specific rate; ^i^max is the 
specific rate at zero P; and BCp j is the inhibitory constant of the propionic acid on the specific 
rate. The correlation coefficients of equation 6 with the experimental data were lower than 
those of equation 7 for both jXp and jig. The nonlinear regression parameters for the 
exponential model were the following: 
^p,max ~ 0-07 — 0 005 g propionic acid/g cell-h (estimate ± standard error) 
Kp p = 0.05 ± 0.008 L/g propionic acid 
l^s. max ~ 0.1 ± 0.008 g glucose/g cell-h 
Kp^ = 0.03 ± 0.006 L/g propionic acid 
free cells represented less than 8% of the total number of viable cells present' 
(6) 
-Koi-P (7) 
Table 3 shows the initial consistency of the immobilized-cell beads among the runs. 
Significant differences in final viable cell counts were observed among the different 
propionic acid concentrations (all except the run with 30.41 g/L propionic acid lasted for 
comparable times). At higher acid levels (12.03, 21.02 and 30.41 g/L), viable cell numbers 
remained stable, while at lower acid levels (< 12.03 g/L) the numbers increased. 
Figures 2 and 3 show that, along with cell growth, specific propionic acid 
productivity and substrate consiraiption rate also declined, though not to the same extent, 
with increasing propionic acid concentration. A portion of the variation of propionic acid 
productivity can be attributed to growth-associated production, but productivity decreased 
with increasing propionic acid concentration (Figure 2) even when no significant decline in 
cell growth was observed (Table 3). The alternative explanation is a combination of 
suppressed metabolism and less selective production of propionic acid. The former is seen in 
Figvure 3 as decreased substrate consumption. 
The selective production of propionic acid is seen in Figure 4. The ratios of propionic 
acid to acetic, succinic and lactic acids decreased with increasing propionic acid 
concentration. An apparent maximum in the propionic to acetic ratio, though based on only 
one point and not reported in other studies, may be real. This ratio is also affected by both 
glucose concentration' and bacterial strain^"*^'. The current study is the only one on 
propionibacteria strain P20 in which glucose concentration has been held relatively constant 
to eliminate confounding of glucose and propionic acid effects. The reduced levels of 
byproduct at lower propionic acid concentration would simplify downstream processing. The 
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Figure 4. Effect of propionic acid on molar ratios of propionic/acetic and propionic/other 
(succinic and lactic acids combined) acids . The acid concentration, P, was the average of 
each run. 
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selectivity advantage is reflected in product yield (Figure 5). The declining yield at higher 
acid levels corroborates results observed in other studies: yield decreased late in fed-batch 
fermentation', while a higher yield was obtained at the same point in the extractive 
fermentation in which low propionic acid concentration was maintained in the fermenter". 
In previously reported fed-batch fermentation" propionic acid concentration reached 
71 g/L with an overall yield of 0.20 g propionic acid/g glucose and productivity of 0.42 
g/L-h. In extractive fermentation m which propionic acid concentration was held to 13 g/L, 
yield and productivity values were 0.43 g propionic acid/g glucose and 0.46 g/L h, 
respectively". In a similar extractive fermentation'^, up to 0.58 g propionic acid/g substrate 
was obtained at productivity of 1.2-1.6 g/L-h when the propionic acid level was controlled at 
about 5 g/L. Based on results obtained in the current study, if the propionic acid 
concentration were held below 3 g/L by extraction, the propionic acid productivity for a 40% 
(w/v) bead load would be 3.9 g/L h with a yield of 0.52 g propionic acid/g glucose. If such 
productivity and yield could be coupled with sufficient bead reuse, production of propionic 
acid via fermentation could become economically feasible. 
Conclusions 
The propionibacteria fermentation with bead-immobilized cells is free of mass 
transfer limitations for both the substrate and the product. Hence, maintenance of high 
concentrations of immobilized cells in the fermenter can compensate for the intrinsically 
slow growth of the propionibacteria. The inherent kinetics showed that the presence of 
propionic acid in the fermentation medium inhibited culture growth and metabolism, causing 
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a deterioration of fermentation performance as judged by lower propionic acid productivity 
and yield on substrate, and increased byproduct formation. The lower the acid concentration, 
the better the overall performance. Therefore, concurrent removal of the product acid by 
extractive fermentation should be beneficial. 
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GENERAL CONCLUSIONS 
Based on the propionic acid fermentation kinetics, the impact of propionic acid on 
propionibacteria fermentation is significant. Various problems associated with the 
fermentation can be attributed to the effect of propionic acid accumulation in the 
fermentation medium. Propionic acid is able to inhibit the cell growth and consequently, 
decrease the propionic acid productivity and substrate consumption rate. Furthermore, higher 
propionic acid concentration also alters the metabolic pathway of the propionibacteria to 
produce more byproducts such as acetic, lactic and succinic acids, which reduces propionic 
acid yield on substrate and further complicates the downstream processing of the product. 
The kinetic study indicates that low propionic acid concentration maintained by continuous 
removal of the acid from the medium is necessary for long-term propionic acid fermentation. 
One way to remove acid is by coupling the fermentation to liquid-liquid extraction. 
Alamine 304-1 in Witcohol 85 NF is a more suitable solvent than Alamine 304-1 in 
2-octanol or 1-dodecanol for the extractive fermentation based on their combined 
performance in acid partitioning and solvent toxicity to the propionibacteria. The 
partitioning experiments indicate, in a solvent system of Alamine 304-1 dissolved in an 
active alcohol diluent, no more than one acid molecule can form a complex with each amine 
molecule. At a given initial aqueous acid concentration, such loading decreases with 
increasing amine concentration. Therefore, the partition coefficient decreases when amine 
concentration goes beyond the optimal concentration. This can be explained by the influence 
of the amine (less polar) and the alcohol (more polar) on the overall polarity of the solvent. 
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The more polar the overall solvent, the more stable the ionic amine-acid complex in the 
solvent, and therefore, the higher the loading. When amine concentration in the solvent 
increases, the lower overall polarity of the solvent decreases loading and lowers K^. The 
order of the highest K<j for the solvent systems tested is in accordance with the polarity of the 
diluents of the systems: 2-octanol > 1-dodecanol > Witcohol 85 NF. However, the 
differences in among the three systems are marginal. 
Although 2-octanol exhibited slightly higher acid partitioning, it is toxic to all five 
strains of propionibacteria tested. Strain P20 was determined to be the most solvent-resistant 
strain. It was also found that cells at late-log growth phase were more resistant to solvent 
than those at mid-log phase. Solvent toxicity is related to hydrophobicity, which can be 
quantitatively characterized by log P. Among the three solvents tested, only the Alamine 
304-1/Witcohol 85 NF solvent was nontoxic to the microorganism. 
To reduce solvent toxicity, solvent protectants such as com, soybean and olive oils 
can be used to extract the dissolved toxic solvent molecules in the fermentation medium. 
The extra material cost and possible membrane fouling by the oils are potential problems of 
this approach. Therefore, it was not applied in the extractive fermentation. Combining the 
partitioning and toxicity results, 30% Alamine 304-1 in Witcohol 85 NF was selected for 
extractive fermentation. 
Propionic acid concentration of 71 g/L can be achieved in fed-batch fermentation with 
bead-immobilized cells at 40% (w/v) bead load. However, such a high acid concentration 
was achieved at the costs of low productivity and yield due to end-product inhibition. With 
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the integration of liquid-liquid extraction in the fermentation with an ex situ hollow-fiber 
membrane extractor, better performance was realized. By maintaining the low propionic acid 
concentration (down to ca. 13 g/L), the yields of propionic and acetic acids were more than 
doubled in the extractive process, and the overall acid productivities were also improved. 
Continuous acid removal also reduced base consumption for pH control by 80%. During the 
extractive fermentation, solvent selectivity for propionic acid over acetic acid was also 
observed, which purifies the propionic acid in the solvent from the mixture in the 
fermentation medium. According to the fermentation kinetic study, if the acid concentration 
is maintained at an even lower level, higher acid productivity and yield as well as less 
byproduct formation can be realized. 
An appropriate regeneration process is essential to an extraction process for acid and 
solvent recovery. The significant differences in volatility between the solvent and the 
propionic and acetic acids enabled the separation of the acids by vacuum distillation. 
Complete recovery of the acids in the overhead was achieved. The main component of the 
solvent, oleyl alcohol, was not degraded imder the distillation conditions. The stability of the 
solvent was also proven by its consistent K<j before and after the distillation. Further 
improvement of the regeneration can be done in two aspects: pretreat the solvent by 
distillation to remove most of the impurities in the original solvent; and distill by a multistage 
continuous process for better acid concentration and purity. 
Based on the economic evalxiations of the commercial-scale propionic acid 
fermentation process, it is technically feasible and economically favorable to modify the 
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process with whole-cell extraction in an ex situ mixer-settler extractor instead of a membrane 
extractor. The long-term integrity of the beads, inexpensive sources of fermentation substrate 
and byproduct recovery are also critical to the process profitability. It was found that with at 
least 5 consecutive batches of bead usage in the production fermentation, inexpensive 
fermentation carbon source from industrial waste stream, and revenue from acetic acid co-
production, the extractive fermentation of propionic acid could approach economic 
feasibility. 
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APPENDIX: ESTIMATION OF MASS TRANSFER COEFFICIENTS 
OF GLUCOSE AND PROPIONIC ACID IN A PACKED BED OF 
IMMOBILIZED BEADS 
In paper 3, the empirical correlation for the estimation of mass transfer coefiBcient in 
packed bed was as follows^: 
sJd = (for 0-0016 < Nrc < 55) (i) 
^Re 
Where (ii) 
s is the void fraction of the packed bed and is estimated to be 0.40 based on the ratio of bead 
and reactor diameters'^ (~ 0.15). 
Nrc is the Reynolds number and is calculated as follows: 
dpUp 
(iii) 
H' 
where dp = 2.5 mm (bead diameter); u = 1.1x10"^ m/s (superficial velocity of the liquid); p = 
1000 kg/m^ (liquid density); and ^ = 8.01x10"* Pa-s (liquid viscosity). Therefore, Nr^ = 3.43, 
which is in the right range for the application of equation i. 
Nsc is the Schmidt number and can be calculated as follows: 
Ns.=^ (iv) 
where Dgiu^ose = 7.0x10*'° m^/s and Dpropjonj aejj = 10.1x10"'° m^/s (molecular diffusion 
coefficients of the diffusing species in the medium)'"*. Therefore, Ngc, glucose = 1144.6 and 
^Sc, propionic acid ~ 793.3. 
I l l  
Based on equation i and ii, the mass transfer coefQcients can then be obtained: 
1.09 1.1 xlQ-'  
K glucose - (3 43)2/3 (J 144.6)2/3 o.40 
= 120x 10"^ m/s 
1.09 1.1 xlQ-^ 
kupropionicacid " (3 43)2/3 (7933)2/3 q 
= 134 X10"' m/s 
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